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In this study, the term insolation refers to the total ra.di.a.nt 
energy from the sun incident on a unit area of a horizontal plane 
located at the surface of the earth. It is equivalent to the term 
global radiation (GlobalstrahlUI!8) used by ma.n;r European investi-
gators. It includes all energy in the wavelengths emitted by the sun 
(approximately O.l to 7.0 u) reaching the bottom of the atmosphere 
in the direct solar beam and in diffuse sky radiation scattered from 
the solar beam. It also includes a.ey increment to this total from 
energy scattered back to the ground by multiple reflection between the 
ground and the sky or clouds. As thus defined, insolation does not 
include energy received at the earth's surface in infra-red wave-
lengths generated by the kinetic energy of molecules of atmospheric 
constituents, nor energy subtracted from the solar beam through ab-
sorption by atmospheric constituents. It should be noted that some 
investigators have given a broader definition to the term, using it to 
refer to solar radiant energy incident on a.ey surface • plane or curved, 
located anywhere in the earth-atmosphere system. 
CHAPrER I 
INTRODUCTION 
The Significance of Insolation in Basic and Applied Climatic Studies 
Insolation, the amount of solar radiant energy received at the 
surface of the earth, has long been recognized as a prerequisite to 
a complete understanding of meteorology and climatology. The very 
word "climate" comes from the ancient Greek word XA \.J.CtXor Klima, 
which was used to refer to the angle of incidence of the sun's rays. 
The Greeks delineated climatic zones on the basis of latitude, a 
system that recognized the relationship between mean sun angle and 
the heating of the earth 1 s surface. In spite of this early recog-
nition, until very recent years insolation was considered largely as 
a physical principle underlying meteorologic and climatic processes. 
Lack of adequate data likely was responsible for this point of view. 
Until suitable instrumentation and an adequate network of recording 
stations were established, insolation could not be observed and an-
alyzed as an individual element capable of inclusion in the deacription 
of the meteorology or climatology of a place or area. Neither could it 
be quantified for practical use in agricultural, engineering, or other 
cultural planning concerned with atmospheric phenomena. Insolation has 
always been difficult and expensive to measure accurately, and until 
the 1940's data were mostly of an experimental nature collected at a 
few sites in the world. 
At present, insolation is recognized as an important factor 
of the natural environment, both in basic and applied studies. As 
the first component of the earth 1 s heat balance, insolation has a 
prominent place in investigations of this important geophysical 
process. M. I. Budyko (1958, p. 170), currently the leading con-
tributor to heat balance studies, cites a number of ways in which 
insolation as an element of heat balance contributes to knowledge and 
practical uses of the natural environment. 
"In meteorology, the data ••• are used in calculating 
the transformation of air masses, in agrameteorological 
work, in investigations of the meteorological effectiveness 
of land improvement measures, such as soil conservation by 
means of afforestation, irrigation and swamp drainage ••• 
Among applications of hydrology we should mention the fore-
casting of the thermal regime of bodies of water, including 
the time and extent of freezing and melting. Data ..•.• are 
also used in investigations of the hydrological regime of 
swamps, evaporation and run-off from various land areas and 
of evaporation from existing bodies of water as well as from 
proposed reservoirs." 
Numerous other basic ani practical uses of insolation data can 
be pointed out. Such data are of great imPortance to heating and 
ventilating engineers, and a recent paper (Bennett, 1962) has shown 
the significance of insolation in illumination engineering. Architect-
ural engineers consider insolation in building design, and recently, 
some of their most fruitful efforts have involved "climatic control," 
which applies knowledge of the climatic environment to making house in-
teriors cooler and drier in summer and wanner in winter (Thomthwaite, 
1956, p. 19). Building design studies for tropical areas have been 
seriously handicapped due to the lack of adequate insolation data for 
2 
these areas (Drummond and Wentzel, 1955, p. 2.38). If insolation data 
for the middle latitudes were plentiful, it could contribute to 
research studies now depending solely upon the degree-day concept as 
a measure of atmospheric heat. Designers of military equipment and 
military physiologists are seriously handicapped by lack of insolation 
data applicable to studies of heat load upon men and equipment. Since 
military operations may be exscuted in all types of environments, 
clothing and equipment must be devised to withstand a wide range of 
natural conditions including certain climatic environments where insol-
ation is a decisive factor. No field has a greater need for insolation 
data than agriculture, The thermal environment of plants is determined 
to a very large degree by the radiant energy component, and according 
.3 
to Thomthwaite (1956, p. ll), "• • , evapotranspiration is primarily 
determined by the energy available from the sun." Finally, one should 
not overlook the potential use of insolation as a source of energy in 
such activities as conversion of sea water to fresh water, heating of 
buildings and production of power for industry. Knowledge of the daily 
and annual regime of insolation is, theref'ore, the most important single 
requirement for a proper appreciation of the complex physical and biotic 
environment in which man conducts his activities. 
The Purpose and Objectives of this Study 
A collllllOn problem to quantitative investigations of insolation is 
insufficient data. Rarely does an investigator have a representative 
distribution of recording stations from which to analyze in detail the 
insolation climate for a large contiguous area. Often the absence 
of records covering an adequate length of time seriously impairs 
the validity of derived conclusions. Furthermore, numerous missing 
observation values usually exist in the records of individual stations 
that need to be filled in to give each station a homogeneous record 
and make the data comparable for statistical analysis. Within the 
Intermontane Plateau and Basin Region of the western United States 
are located ten (10) insolation stations, each with close to eleven 
(ll) years of record, thereby providing an opportunity for quantative 
analysis of insolation climate on the basis of more adequate data than 
heretofore available. With these data, this study analyzes and de-
scribes the temporal and areal distribution of insolation in the Inter-
montane region, and in so doing, attempts to develop methods for the 
solution of the data problems described above. 
Through statistical analysis of the relationships between insol-
ation and a number of controlling variables, such as cloud cover, sun-
shine duration, atmospheric water vapor, and ground snow cover, empir-
ical formulas are established to compute insolation for times and places 
in the Intermontane region for which data are not available. Missing 
data in the records of the insolation stations of the region are filled 
in to give each station a homogeneous record, and the network of stations 
used as a basis to describe the insolation climate of the region is ex-
panded by computing insolation for locations where insolation measure-
ments are not made. The result is a more detailed and complete de-
scription of the insolation climate than could be obtained by using only 
the actual insolation data. This technique has been applied by a 
number of investigators to other parts of the world, but their 
studies were seriously handicapped by insufficient data. The greater 
quantity of data available for the Intermontane region permits a more 
detailed analysis and makes it possible to add variables heretofore 
not considered in forming empirical relationships. 
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Many reasons, other than the availability of data, can be given 
for the selection of this region for the study. No study of insolation 
has been attempted for the Intermontane region, in spite of the relative 
wealth of available data. In addition, the region offers for investi-
gation a wide range of dry climates varying from low elevation sub-
tropical with no real cold season and a high incidence of year-around 
insolation, to high elevation, middle latitude dry climates with long, 
cold winters and abundant seasonal cloudiness. This range of climates, 
and the large latitudinal range of the region provides maximum variation 
in the relationships of insolation to other variables of the environment. 
Since climates analogous to the types found in the region cover large 
areas of the world, relationships discovered from the investigation 
possibly can be given wide geographic application. Finally, insolation 
plays a large role in shaping the natural environment, and possibly even 
the cultural environment of the region. A deficiency of precipitation 
is the paramount factor of the climate, but a high level of solar energy 
ranks a strong second, and is closely linked to moisture deficiency in 
giving distinctive character to the desert and semi-arid climate that 
dominates the region. Plant life, soils, and even landforms have de-
veloped many characteristics in response to the strong flood of light 
and thermal energy to which they are subjected much of the year. The 
fact that most desert vegetation is light gray in color very likely 
is an ecological adjustment toward a high albedo (a good protective 
technique against radiant energy), and may well be the desert plant's 
most important moisture conserving property (Thornthwaite, 1956, 
p. 16). Among cultural activities, the conservation of irrigation 
waters is highly dependent on knowledge of the insolation regime. 
Delimitation of the Study Area 
The distinctive environmental characteristics of aridity and 
high levels of insolation mentioned among the reasons for selecting the 
Intermontane region for this study are closely related to the basis on 
which the region is delimited. The boundaries of the region have been 
drawn from those developed by Fenneman and Johnson (Fenneman, 1931) 
for their system of landform provincesl, but for the most part these 
boundaries are also climatic boundaries. Location between two of the 
highest and most continuous mountain systems, the Sierra-Cascade and 
Rocky Mountains, in North America, along with location on the eastern 
or stable side of the North Pacific anticyclone, has created in the 
Intermontane region one of the world's major areas of semi-arid to 
arid climate. 
lorhe three provinces included in the region are the Columbia 
Plateaus, Basin and Range, and Colorado Plateaus. See Figure l. 
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Figure 1. 
WESTERN UNITED STATES 
INTERMONTANE BASINS AND PLATEAUS 
GENERALIZED RELIEF MAP 
• 
• 
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Throughout most of its north-south length, the region is 
effectively walled off from the moist air masses that penetrate 
North America from the adjoining oceans. The Sierra Nevada of 
California possess an average crestline exceeding 9,000 feet elev-
ation, which forms a marked climatic boundary separating the more 
moist subtropical to temperate climates found to the west from the 
arid to semi-arid climates to the east. Orographically unmodified 
air masses periodically invade the Intermontane region only south 
of the southern limit of this formidable barrier. Northward of the 
Sierra Nevada, the Cascade Range of northern California, Oregon and 
Washington is an effective climatic divide even though its average 
summit elevation is only 5,000 feet. Numerous gaps and passes in the 
Cascades permit relatively unmodified maritime air to enter the north-
ern part of the Intermontane region more frequently than to the lee 
of the Sierras with resulting greater cloudiness, higher air mass water 
vapor content, and lower levels of insolation. Nevertheless, the Cas-
cade Range is a significant climatic divide. The Rocky Mountain system, 
forming the eastern limit of the Intermontane region, effectively in-
hibits moist air flow from the Caribbean-Gulf of Mexico area. Only 
in the southeast are there breaks in average summit height which per-
mit incursions of moist tropical air into the region. 
Reflecting this nearly isolated physiographic position of the 
Intermontane region and the influence of the Pacific subtropical anti-
cyclone, are the low, mean annual precipitation totals and low incidence 
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of cloud cover and percent of possible sunshine observed at most 
stations. Almost 50 percent of the region receives less than 10 inches 
of rain annually, and possibly as much as 80 to 90 percent gets less 
than 15 inches. Cloud cover and sunshine, both of which have consider-
able influence on insolation, are closely related to low rainfall, but 
by no means on a perfect one-to-one basis. Decreased moisture content 
of invading maritime air masses, due to orographic uplift and anti-
cyclonic subsidence and divergence within the region, may inhibit rain-
fall but not the formation of clouds or other sky-obscuring phenomena 
such as fog and haze. In general, however, the pattern of cloud cover 
and sunshine matches closely that of precipitation. Thus, the region 
is not only one of the driest in the United States, but is for the 
entire year the sunniest of any longitudinal north-south slice through 
the country.1 The mean annual sunshine for 16 Intermontane stations 
is 72 percent of the possible; for 16 High Plains stations, the next 
sunniest area, the percentage is 65. Annual amounts of possible sun-
shine within the Intermontane region range from 91 percent at Yuma, 
the highest in the United States for a site with a weather station, to 
58 percent at Spokane, Cloud cover amounts are comparable in inverse 
proportion. 
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ln will be seen later in the study (infra., p. 86 ff.) that 
sunshine is the variable having the closest correlation with insolation. 
The climatic effects of isolated locations are offset to some 
degree by the prevailing high elevation of most of the region,l 
Elevations below 2,000 feet are found only in limited areas in the 
southwestern and northwestern sections; whereas, a few plateau and 
mountain areas rise to slightly more than 10,000 feet. These higher 
elevations tend to produce greater precipitation and cloud amounts 
than recorded for most stations at lower levels. Maritime air masses 
moving down the lee sides of the mountains bordering the region do 
not have far to sink to reach the basin and plateau surfaces, hence 
lQ 
are not "dried out" as much by adiabatic heating as they would be if 
elevations were lower,2 Consequently, many air masses retain sufficient 
instability in their lower layers to produce cloud cover and even pre-
cipitation as they pass across the region. 
Another aspect of the delimitation of the region of significance 
to insolation are its latitudinal limits which extend from approximately 
30° 30' N. to 4SO 00 1 N. Latitude is important because it controls two 
major factors that influence the annual regime of insolation: (1) season-
al variation in the length of daylight, and (2) the mean daily elevation 
of the sun above the horizon. Both are directly related to the sine of 
lsee Figure 1 for a generalized relief map of the region. 
2The one sizeable area (Southeastern California and the adjacent 
parts of Arizona) where leeside air masses drop to near sea level has 
the least precipitation and the clearest skies of the entire region, 
the latitude, and over the range of latitudes just given can cause 
large changes in insolation. The magnitude of these changes is dis-
cussed later in the study (infra., p. 14). 
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CHAPrER II 
SOLAR RADIATION AND ITS PHYSICAL MODIFICATION BY THE EARTH'S ATMOSPHERE 
Every year the sun emits radiant energy equivalent to the heat 
given off by the combustion of 4.0 X lo23 tons of anthracite coal 
(Ramdas and Yagnanarayan, 1956, p. 188). The earth, lying at a mean 
distance of 93 million miles from the sun, and with a diameter of 
only 8,000 miles, intercepts less than 5.0 X lo-10 parts of this 
solar output (ibid.). At the outer limits of the atmosphere this 
constitutes an average annual value of some 1.98 gram calories of 
energy per em per minute on a surface normal to the sun 1 s rays, This 
value is lmown as the solar constant. Variations in its magnitude are 
due primarily to the varying distance of the earth from the sun and 
amount to only slightly more than 3 percent of the mean annual value. 
As the radiant energy passes through the earth's atmosphere, it is 
subjected to losses through the operation of absorption and reflection 
processes that vary considerably with time and with location on the 
earth. Consequently, the energy received at the earth's surface is a 
highly variable quantity. The discussion in this chapter will deal 
with the physical processes in the atmosphere and certain astronomical 
relationships of the earth with the sun that are responsible for these 
variations in solar radiant energy received at the earth's surface. 
Earth-Sun Relationships 
Most of the features affecting insolation considered in this 
study vary in time and space due to the constantly changing state of 
the atmosphere and to the non-uniform nature of the earth's surface. 
However, if the atmosphere were completely at rest, and the earth's 
surface were perfectly smooth and uniform in composition, there still 
would be sizeable temporal and areal changes in insolation over an 
area as large as the Intermontane region. These changes would be the 
product of latitudinal and seasonal variations in features arising 
from the astronomical relationship of the earth with the sun. They 
are, in fact, very real and have a considerable bearing on the day-
by-day regime of insolation and its change from place to place. 
Two of these features, variation in the length of daylight, 
and variation of the sun's zenith angle, along with a third factor 
which will not be discussed herel, determine the changes with latitude 
and season of the year of solar radiant energy received at the outer 
limits o:f the atmosphere. The basic :formula for computing the amount 
of solar energy~ received by a unit area horizontal to the earth's 
surface at the top of the atmosphere in time t is: 
do_ J 
_'e_ = ...!. cos z 
dt r2 
(1) 
where Je is the solar constant, r is the radius vector o:f the earth, 
(its relative distance :from the sun) and z is the sun's zenith angle. 
1Re:ference is to the distance o:f the earth from the sun. It 
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is omitted :from the discussion because it is not a geographic variable. 
That is, its variation is with respect to the entire earth and does not 
change from place to place on the earth. 
Cosine z is given by: 
cos z =sin f> sinO+cos; cos 6 cosh (2) 
where ~ is the latitude, 0 is the sun 1 s latitudinal declination, and 
h is the sun 1 s hour angle. To obtain the amount of extraterrestrial 
insolation Q/ over a day's time, equation (l) must be integrated for 
the period from sunrise to sunset. With this in mind, it is apparent 
from equation (l) that the daily insolation at the outer limits of the 
atmosphere is a direct function of the length of daylight and of the 
cosine of the sun's zenith angle, both of which are in turn functions 
of the latitude and season of the year. 
Since in a stu4y of insolation the length of daylight and the 
sun 1 s zenith angle are not of importance in themselves but only with 
TABLE I 
LENGTH OF DAYLIGHT, SUN'S ZENITH ANGLE (z), AND DAILY 
EXTRATERRESTRIAL INSOLATION (~) 
El Paso 
(31° 48 1 N. Lat.) 
Spokane 
(47° 37 1 N. Lat.) 
. Daylight z ~ Daylight z ~Hrs. Mi.n.l ~Hrs. Mi.n.l Qe 
l4 
June 21 l4 l4 gO 21 1 999 15 59 24° 101 1010 
December 21 10 03 55° 141 448 8 25 71° 03' 213 
~e will be used throughout this study to represent the total 
daily extraterrestrial solar radiation expressed in langleys received 
on a flat area horizontal to the earth's surface. One langley is equal 
to l gm cal/~ 
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respect to their influence on insolation, their latitudinal and season-
al changes will not be discussed here. Table I gives the extremesof 
their variation between the northernmost and southernmost stations in 
the Intermontane region, and indicates their respective roles in de-
termining extraterrestrial radiant energy. It can be seen that in 
winter they create relatively high Qe totals at low latitudes in 
comparison with high latitudes. In summer they oppose one another 
such that if no other factors were operating there would be little 
change in daily insolation with latitude. Note there is actually a 
slight rev-ersal in the latitudinal gradient of ~ at the time of the 
summer solstice. 
A fourth astronomical factor, the relative length of the solar 
beam througll the atmosphere, or optical air mass (m) as it is termed 
in insolation work, has a direct bearing on the effectiveness of the 
atmosphere in depleting energy in the solar beam. Obviously, the longer 
the path through the atzoosphere, the greater the amount of energy sub-
tracted from the solar beam by all the atmospheric processes that attack 
it. Optical air mass usually is expressed as the relative length of 
the air path of the solar beam at any value of z, to the length when z 
is 00° 00 1 (the sun is directly overhead). Thus when z is 00° 00', 
m is 1.00; when z is 60° 00 1 , m is 2.00. Optical air mass is a function 
of the secant of the sun's zenith angle, hence it changes very little 
when the sun is high overhead and grows at a rapidly increasing rate as 
the sun approaches the horizon. For example, from z = 00° 00' to 
z - 10° 00'. m grows in size only from 1.00 to 1.02, but from z • 80° oo• 
to z- $9° oo•, it increases from 5.60 to 26.96, and theoretically at 
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least, to infinity at z = 90° 00'. Actually, it does not reach infinity 
when the sun is exactly on the horizon because of the effect of atmos-
pheric refraction, and because the atmosphere is not of infinite depth. 
An indication of the seasonal and latitudinal variation of optical air 
mass in the Intermontane region and its effect on insolation is presented 
in Table XLVIIl( infra. , p. 228.,) • 
The Spectral Characteristics and Total Energy of the Extraterrestrial 
Solar Beam 
Until recently, the methods employed in deriving the value of 
the solar constant from observations of solar intensity were based on 
measurements made from the surface of the earth. In the last decade, 
measurements from balloons and rockets have added information to pre-
viously unknown portions of the solar spectrum, but the constant as it 
is known today is still based almost entirely on atiDOsphere-bound 
measurements. A thorough discussion of the technique of measuring the 
constant is beyond the scope of this study, but because it is the fund-
amental value on which all calculations of insolation are based, some 
account of recent developments concerning the determination of its n~ 
erical value, and of the spectral distribution of energy contained 
within it is necessary. 
The radiant energy from the sun that reaches the outer limits 
of the earth 1 s atmosphere covers a nearly continuous spectrum of wave-
lengths from 0.10 u in the ultraviolet to more than 7.00 u in the infra-
red. This distribution of energy is determined by the sun's surface 
temperature of approximately 6000° K, as explained by Wien 1 s displacement 
law which states that the wavelength of the most intense radiationAm 
is given by the formula 
TAm=c (3) 
where T is the temperature in Ol( and C is a constant. In the sun's 
case, the surface temperature places the maximum radiation in the 
visible spectrum at about 0.49 Jl• With a hotter surface the peak 
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would be at a shorter wavelength. Figure 2 shows the theoretical dis-
tribution for a black body with the temperature of the sun's surface, 
and the calculated distribution for the extraterrestrial solar spectrum. 
Almost all of the latter lies in the spectral range to which the Eppley 
pyrheliometer (the instrument used to collect the insolation data used 
in this study) is capable of responding. 
Because observations of the solar constant are made from within 
the atmosphere, the absolute value of the constant can be determined 
only by extrapolating from the atmospheric readings to the value out-
side the atmosphere. This process requires consideration of two 
depleting effects of the atmosphere that are not completely known: 
scattering by dust and gas particles, and selective absorption by 
certain atmospheric constituents. These effects are reduced as much as 
possible by taking observations from high plateau or mountain locations 
in dry regions at times when the sky has maximum transparency. In this 
way, reflection from dust particles is largely eliminated, and scatter-
ing and absorption by gases are greatly reduced from amounts measured 
at sea level. After observations have been taken, the extrapolation is 
made for a number of critical wave bands, and a curve of the energy 
2.5r-.--r-.--~-r-.--~-r-.--.-.--r--r-o--r-.r-o--r-.r-.--.-.--~-.-.--r-.--r-.--~.--.. 
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Figure 2. Spectral energy curves. The shaded area represents losses from absorption 
by atmospheric gases. 
s 
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distribution in the spectrum outside the atmosphere is drawn (Figure 2 ). 
Unfortunately, the technique is not adequate at either end of the spec-
trum. Ozone absorbs almost all energy in wavelengths below 0.29 )l, and 
partially between 0.29 and 0.35 )1, and the "windows" between water vapor 
absorption bands in the infra-red permit only limited access to that 
part of the spectrum; so that even at the highest earth-bound locations 
only the area between 0.35 and 1.00 )l can be measured with the accura~ 
necessary to arrive at the solar constant (Gast, 1957,pp. 16-14). In 
the past 20 years, revisions of the constant have been based on new 
information concerning energy in the ultraviolet and infra-red gathered 
from balloon or rocket measurements, or on reassessments of earlier 
estimates in these regions based on earth-bound observations. 
The history of systematic efforts to establish the solar con-
stant dates from 1902 when the Smithsonian Institution started a series 
of measurements continuing to the present time. The most COilDDOnly 
quoted figure for the constant is that of 1.94 ly/min, announced by the 
Smithsonian group in 1913 (Abbott and Aldrich, 1913). Although other 
investigators at various times proposed slightly different estimates, 
this 1913 value stood until 1948 when it was announced by the Institu-
tion that the pyrheliometric standard used in the early calculations 
gave results about 2.4 percent too high and that the adjusted value 
should be 1.89 ly/min (Aldrich and Abbott, 1948, pp. 1-4). However, 
by this time it was apparent that the ultraviolet correction was very 
likely too low, and uncertainties remained in the infra-red, thus the 
value recommended for use was left at 1.94 (List, 1951, p. 414). 
More recently, independent reevaluations of earlier observations have 
been made: first by Nicolet (1951), who advocated 1.98; then by 
F. Johnson (1954), who recommended 2.00; and in 1956, Stair and 
R. G. Johnson published an appraisal based on new measurements made 
at high altitude that indicated 2.05 as the proper estimate. The 
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Radiation Commission for the International Geophysical Year recommended 
1.98 as a compromise between the most recent estimates of 2.00 or 
greater, and the earlier Smithsonian value of 1.94 (Mi:irikofer, 1958, 
p. 463). It is the value used in the present study as the basis for 
fundamental calculations of insolation in the Intermontane region.1 
Of even greater importance to the present study than the ab-
solute size of the solar constant is the question of possible vari-
ation in the constant. If there were either intra- or inter-yearly 
variations of considerable magnitude it would make the job of estab-
lishing numerical relationships between insolation and atmospheric 
influences extremely difficult, because another variable of unknown 
size would be added to the problem. The frequent measurements of the 
solar constant by the Smithsonian Institution carried on over a long 
period of years under an unchanged routine indicates there may be 
variations due to changes in the amount of energy emitted by the sun. 
According to their early estimates, the maximum changes reached 3 per-
cent, but more recently they have seldom published a variation greater 
1m January 1962, personal collllllliilication with Mr. P. R. Gast of 
the United States Air Force Geophysical Research Directorate was made 
concerning recent efforts to establish the constant via rocket measure-
ments. Gast indicated a value of 2.05 was the latest available but 
would give no information regarding its determination. 
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than 2 percent (Gast, 1957, pp. 16-14). Thomas (1955, p.2) believes 
that such changes probably arise from variability in the condition of 
the earth 1 s atmosphere "• • • rather than from intrinsic solar vari-
ability in the ordinary optical spectrum." A recent thorough statisti-
cal analysis of solar constant measurements for the period 1926 to 1955, 
relying primarily on covariance analysis of values from paired stations, 
indicates that detectable variations are probably not greater than 0.10 
percent, which apparently lies well within the range of instrument and 
extrapolation technique error (Allen, 1958, p. 314). Thus it seems 
that solar variability can be ruled out as a factor in the present study, 
and that the value of 1.98 langleys is a reliable quantity on which to 
base calculations of insolation. 
Modification of the Solar Beam by the Earth's Atmosphere and Surface 
The transmission of solar radiant energy through the earth 1 s 
atmosphere is an extremely complex process for which many of the con-
tributing factors are not completely understood. A thorough present-
ation of atmospheric transmission would involve a lengthy, mathematical 
analysis of the physics of all the various factors, considered indiv-
idually and in their several combinations. Since the present study is 
entirely empirical in nature and does not involve the prediction of 
insolation through the construction of theoretically-based mathematical 
models, this type of discussion of atmospheric transmission is not 
necessary. However, atmospheric transmission is the very thing re-
sponsible for the nature of the empirical relationships to be described 
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later; thus, it is pertinent to present at least a general description 
of the fate of solar radiant energy as it passes through the atmosphere. 
The presence of clouds has such an overwhelming effect on atmospheric 
transmission and absorption of radiant energy that any discussion of 
this subject must be twofold. Consequently, one discussion will con-
sider conditions in a cloudless atmosphere, the other, the affect of 
clouds alone. 
Transmission and Absorption in the Cloudless Atmosphere 
As the solar beam passes through the atmosphere it is subjected 
to losses through the action of two processes: (1) scattering, which 
involves a change in the direction of propagation of radiation without 
a gain or loss in energy; and (2) absorption, which consists in a 
transfer of energy from the solar beam to matter in the atmosphere. 
Scattering and absorption by some atmospheric constituents are nearly 
constant over time and space for identical optical air masses of the 
solar beam, while other constituents fluctuate widely in their affect 
on the beam. 
Scattering is accomplished by extremely small particles, prin-
cipally molecules of the permanent gases, water vapor molecules, and 
dust and salt particles, the latter often referred to collectively as 
particulate matter. Some investigators divide scattering into two 
types: (1) pure scattering by only the smallest particles (mainly gas 
molecules), which is selective for certain wavebands depending on the 
size of the particles; and (2) diffuse reflection by very large part-
icles (large dust, smoke, and haze particles), which is nonselective, 
scattering all wavelengths of the solar beam equally well. However, 
scattering is actually a continuum in which the precise nature of the 
process changes only gradually over the range of particles' sizes in 
the atmosphere, hence it is necessary to examine scattering only as 
a unit. 
The simplest type of scattering is that in the so-called 
23 
Rayleigh atmosphere comprised of nothing but molecules of the perm-
anent gases after all water vapor and particulate matter have been 
removed. The energy scattered from the solar beam by such an atmos-
phere can be estimated with an accuracy of 2 percent through use of the 
classical equations developed by Rayleigh in the late 19th century 
(Allen, 1958, p. 317). Since gas molecules are very small in comparison 
with the wavelengths of the solar spectrum, the intensity of scattering 
proceeds inversely to the fourth power of the wavelength. Short wave-
lengths are scattered more than long wavelengths; consequently, depletion 
of the solar beam is greatest at the lower end of the spectrum. Scatter-
ing is symmetrical about individual particles; thus, the amount of energy 
scattered toward the earth and back toward space is equal. Of course, 
energy scattered from the original solar beam is scattered countless 
times before eventually reaching the earth 1 s surface or being lost to 
space, but because in a pure Rayleigh atmosphere the scattering is 
symmetrical in all directions, half the scattered energy will be lost 
in space and half will reach the earth (Kimball, 1931, P• 39). How-
ever, for conditions actually found in the atmosphere this can 11 • • • 
serve only as a useful approximation for average daily values. • 11 
(Fritz, 1951, p. 25). For the atmosphere as a whole, the amount of 
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Rayleigh scattering from the solar beam would be about 15 percent; thus, 
from 7 to 8 percent of the total extraterrestrial solar energy would 
be scattered back to space by a strictly dry molecular atmosphere (ibid.). 
Scattering by particles lart;er than air molecules is much more 
complicated. Whereas the number of air molecules of the pennanent 
gases above a given point is nearly constant, the quantity of water 
vapor molecules and particulate matter can vacy widely. Moreover, the 
physical process of scattering by large particles apparently is not as 
simple as for molecular particles. It depends not only on the size of 
the particle and the wavelength of the incident radiation, but also 
on the shape and possibly on the physical composition of the particles 
(Haurwitz, 1934, p. 19). Furthermore, as particle size increases the 
amount of forward scattering grows in comparison with back scattering, 
and calculation of the overall depletion effect becomes extremely diffi-
cult (Fritz, loc. £!1.). Only one aspect of large particle scattering 
is simple; it is nonselective with respect to waveband, all wavelengths 
being equally scattered when particle size is larger than wavelength. 
From data given by Klein (1948), Fritz (1951, p.26) estimates a de-
pletion by dust of about 5 percent of the initial radiation on a world-
wide basis, but adds, 11In view of the probable greater forward scatter-
ing and some absorption, less than 2.5 percent is scattered back. An 
estimate of about 1 percent might be about right." By comparing these 
figures with those for the Rayleigh atmosphere, it can be seen that on 
the average the influence of scattering by particulate matter is less 
than that for clean air. Local conditions, such as urban smoke pol-
lution, and more widespread affects, notably forest fires, dust storms, 
25 
and volcanic eruptions undoubtedly reverse this relationship. 
Water vapor molecules apparently differ from molecules of the 
pennanent gases in their effect on scattering, behaving more like 
particulate matter than molecular particles. Fritz (1951, p. 26) 
reports that Fowle believed this to be due to water vapor molecules 
acting as aggregates rather than individually, whereas Angstrom sug-
gested it might be due to hygroscopic dust particles around which water 
vapor molecules collect. At any rate, the amount of incident radiation 
scattered back to spaCe by water vapor is difficult to determine. Fritz 
(1949a, p. 279) has estimated that for the entire earth, 10 percent of 
the extraterrestrial solar radiation may be scattered back to space by 
water vapor. 
On the basis of the many factors described above, calculations 
of the total loss to space of scattered radiation indicates values 
ranging from 8 to 13 percent, depending upon the contributions figured 
for water vapor and dust (ibid.). These calculations are supported in 
a general way by measurements from an airplane at 10,000 feet, which 
indicated a 5 percent loss to space from atmospheric scattering (Fritz, 
1948, p. 311), and balloon JIBasurements at 72,000 feet, which indicated 
a 6 percent loss (Teele, 1936, p. 135). 
Unlike scattering, the absorption of energy from the solar beam 
by various constituents of the atmosphere is almost entirely highly 
selective according to wavelength. Some agents absorb only in very 
narrow and precisely defined bands. Oxygen in various molecular forms, 
water vapor, and particulate matter are the chief absorbers. An inter-
esting feature of the solar spectrum as viewed at the bottom of the 
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atmosphere is the abrupt manner in which the short wavelength end cuts 
off at about 0.29 Jl• At shorter wavelengths all extraterrestrial 
solar energy is either absorbed or scattered back to space before 
reaching an elevation of about 11 km above the earth's surface (Gast, 
1957,pp. 16-20). Energy in wavelengths less than 0.10 )l is highly 
absorbed by 0, 02, or N2 in the ionosphere (Fritz, 151, p. 19). At 
lower levels (15 to 30 km), o3 (ozone) is the principal absorption 
agent for short wavelengths, transmitting only 0.02 of the incident 
radiation at 0.29 )l (ibid., p. 20). 
Water vapor is the single, most important atmospheric absorb-
ing agent for solar energy with its greatest absorption lying in the 
infra-red. The amount of energy subtracted from any wave band by 
water vapor has been investigated under controlled laboratory con-
ditions by many individuals, and numerous field measurements have been 
taken to estimate the quantity of energy taken from the solar beam for 
the particular atmospheric conditions prevailing at the time. Unfortun-
ately, the results have been discouraging in that there has been general 
lack of agreement in the absorption coefficients advanced by the dif-
ferent investigators, with differences between the coefficients being 
as large as 50 percent. Two recent attempts have been made to resolve 
this problem, but without complete success (McDonald, 196o; lngstrem 1961). 
Indications are that the total amount of reduction of the solar constant 
by water vapor absorption may vary from 6 to 14 percent, but there is 
uncertainty regarding these figures. As stated by one of the authors 
(McDonald, p. 328), 
110ne can only conclude that insolation absorption pre-
dictions (for water vapor) cannot be regarded as yielding 
absolute accuracies of better than thirty percent at present. 
Only a major observational program can eliminate the con-
fusion. . • 11 
Dust particles also deplete the solar beam through absorption. 
Klein (1948, p. 121) summarizes the total depleting effect of dust as 
measured by several investigators. The values range from zero percent 
depletion of the extraterrestrial radiation for ocean areas with the 
sun directly overhead, to 13 percent for continental areas when the 
sun's zenith angle is 60°. Since the figures include depletion from 
both scattering and absorption, it is difficult to assess the role of 
absorption, but it is assumed by Klein to be small. 
Transmission and Absorption in the Cloudy Atmosphere 
The fate of the solar beam in passing through the cloudless 
atmosphere is complicated, but the presence of cloud cover introduces 
even greater complexity. Furthermore, the magnitude of absorption and 
reflection by clouds often are so large compared to that of the cloud-
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less sky that the latter become inconsequential. The physics of scatter-
ing in clouds will not be dealt with (see Fritz, 1950, 1953, 1954 and 
1955). It is important to know that, since cloud particles are large 
(about 10.0 ~ in the average liquid water cloud) in comparison to the 
wavelengths of the solar beam, it is assumed that scattering is nearly 
independent of wavelength. Large drop size also means more energy will 
be scattered forward than in any other direction. The total amount of 
scattered radiation finally transmitted through a cloud is dependent 
upon the zenith angle of the sun and cloud thickness. Fritz (1955, 
p. 822) has calculated transmittance for these varying conditions. 
For z • 0°, the range is between 10 percent and 100 percent; for 
z = 80°, between near 0.0 percent and 82 percent. 
For the earth-atmosphere system as a whole, most of the solar 
energy scattered or reflected back to space is due to clouds; 23.3 
percent of the solar constant as compared to only 9.1 percent by the 
atmosphere and 2.3 percent by the earth's surface (see Table II ).1 
The cloud reflectivity just quoted was determined by indirect calcul-
ations based on measurements of lunar brightness. This technique is 
used because the albedo of clouds is so highly variable, that it is 
impossible from direct measurements of individual cloud albedos to 
calculate an average value for the total scattering back to space 
from clouds as a whole. On the basis of moon brightness observations, 
the derived average albedo for clouds for the entire earch is 0.50 to 
0.55, based only on the energy incident on the clouds (Fritz, 1949a, 
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p. 281). Tableiii gives an indication of the range of observed albedos 
for various types of clouds. 
The amount of solar energy entering clouds is subjected to 
reduction from absorption by gaseous and liquid or solid water in the 
clouds. Hewson (1943) worked out the amount of energy that would be 
subtracted from the solar beam by cloud absorption and concluded that 
the a.mx:i.mum amount would be 6 percent. Fritz andMacDonald (1951, p. 208) 
1Note that these values add up to 34.7 percent, and that this 
amounts to a new albedo for the earth, the old accepted value being 
43 percent. This new value, which has been widely accepted by geophys-
icists, is based on work by Danjon (1954, pp. 726-738). 
TABLE II 
REFLliX)TION OF SUNLIGHT TO SPACE FOR WORLD AS A WHOLE* 
(percent or solar constant) 
Ultra-
violet Visible Infrared 
Atmosphere 2.6 ,5.2 1.3 
Clouds l.B ll.3 10,2 
Earth's sur! ace 
.Qd ..b.! ..b.! 
Total 4.5 17.6 12.6 
* Arter a table in Fritz, l949a, p. 2Bl, 
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Total 
9.1 
23.3 
..bl 
34.7 
TABLE III 
ALBEDO OF VARIOUS CWUD TYPES* 
Cloud TYpe 
Very dense clouds of great area and depth 
Dense clouds, quite opaque 
Dense clouds, nearly opaque 
Thin clouds 
Stratus, 600 - 1000 feet thick 
Stratocumulus, overcast 
Altostratus, occasional breaks 
Altostratus, overcast 
Cirrostratus and altostratus 
Cirrostratus, overcast 
* After a table in Fritz, 1951, P• 26. 
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Albedo (%) 
78 
55 - 62 
44 
36 - 40 
78 
56 - 81 
17 - 36 
39- 59 
49- 64 
44- 50 
point out that Hewson based his calculations on the assumption that 
energy in the visible spectrum is practically unabsorbed by liquid 
water, apparently an established fact, but ignored absorption by 
water vapor, thus grossly underestimating the total absorption. 
Fritz and.Ma.cDonald (ibid.) made the same type of calculation, but 
allowed for water vapor absorption and found that the fraction 
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absorbed could go as high as 2.3 percent of the radiation incident on 
cloud tops; however, the range can run from near zero percent up to this 
amount. When the maximum absorption percentage is added to the maximum 
loss from scattering (supra., p. 28), it can be seen that the am:>unt of 
insolation received at the ground under very warm, moist clouds can fall 
to practically zero. Measurements made with an Eppley pysheliometer by 
the author have confirmed this possibility. 
A few actual measurements of cloud absorption have been under-
taken. Neiburger (1949) mounted Eppley pyrheliometers on the top and 
bottom of a blimp and made several flights through stratus cloud decks 
measuring the amount of radiant energy entering the tops and leaving the 
bottoms of the clouds. His values indicate 5-9 percent of the incident 
radiation at the top of the cloud was absorbed in passing through the 
cloud. Fritz and Ma.cl:bnald (1951) reported on a similar type of work 
using Eppleys mounted on B-29 airplanes. On the average they found 
about 20 percent absorption from thick cloud decks. Haurwitz (1945, 
1946, and 1948) made a detailed study, using hourly insolation values 
for Blue Hill Observatory, Massachusetts, of the effect of different 
cloud types and cloud densities on the transmission of solar energy. 
Table IV modified from Haurwitz (1945, p. 153) shows the percent of 
transmission for different optical air masses through completely over-
cast cloud covers of varying density. Transmission in the case of 
thin, cirrus clouds averages close to 90 percent for the different 
air masses, but drops to around 20 percent for very opaque, thick 
stratus. The relation of transmission to cloud type is shown in 
Table V (Haurwitz, 1948, p. ll3). Cirriform clouds can be seen to 
have only a small depleting effect on the solar beam, whereas low 
stratiform types, on the average, prevent most of the energy from 
reaching the ground. 
Terrain Reflection 
The quantity and spectral quality of insolation received at 
the earth's surface depends upon the nature of the surface, primarily 
through the action of multiple reflection between the ground and cloud 
bases, and the ground and the sky. On the average, the earth's surface 
scatters back to space only a small fraction of the incident solar 
energy (Table II). This is only an average, however, and is kept low 
by the small albedos of ocean surfaces which are generally less than 
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5 percent. Some types of land surfaces have comparatively high reflect-
ance, and some snow surfaces reflect more than 90 percent of incident 
radiation. 
Solar energy reflected from the ground and in turn back to the 
ground from a cloud base, or from the sky, can increase the total 
energy of the insolation, or may influence insolation by altering the 
TABLE IV 
RATIO (IN PERCENT) OF HOURLY INSOLATION -~·liTH OVERCAST SKY TO 
INSOLATION WITH CLOUDLESS SKY FOR D~ OPTICAL AIR 
MASSES AND CLOUD DENSITIES 
Cloud Densitz** 
Optical 
Air Mass 
....Q. ...1 ~ ....2. 
1.0 87 80 60 31 
2.0 88 79 55 28 
3.0 89 79 52 27 
4.0 89 79 50 27 
5.0 90 79 47 25 
* 
After a table in Haurwitz, 1945, p. 163. 
** Visual cloud density based on the brightness with which the sun 
appears through the clouds to the eye of the observer. 
TABLE V 
RATIO (IN PERCENT) OF HOURLY INSOLATION WITH OVERCAST SKY TO 
INSOLATION \'liTH CLOUDLESS SKY FOR D~T OPTICAL Am 
!'..ASSES AND CLOUD TYPES 
Cloud TYPe 
Optical 
Air Mass ~ Cs Ac ~ 2£ .§i 
1.1 85 84 52 41 35 25 
2.0 84 78 50 41 34 25 
3.0 82 71 47 41 32 24 
4.0 80 65 45 41 31 
* 
After a table in Haurwitz, 1948, p. 113. 
3J 
...it 
18 
20 
20 
21 
21 
!!!. 
15 
19 
25 
34 
spectral distribution of the energy in it. Several authors have 
studied this problem, but from the standpoint of illumination rather 
than insolation (Fritz, 1955; Middleton, 1954; Kalitin, 1931). Their 
work shows a considerable increase of illumination under overcast skies, 
but such conclusions can be considered as only qualitative with respect 
to insolation. Some quantitative information concerning the increase 
of insolation by ground reflection is provided in later chapters (infra., 
PP• ll4-ll'1). 
It is apparent from the preceding discussion that calculations 
of insolation dependent upon theoretical knowledge of the modification 
of solar radiation by the earth 1 s atmosFf1ere would in most cases lead 
to uncertain results. Many of the depletion processes are not thoroughly 
understood, and even in cases where theory is complete, information often 
is lacking concerning the precise quantity and nature of the atmospheric 
constituents affecting the process. In many instances, neither the 
theory, nor the information concerning the state of the atmosphere are 
certain (e.g., absorption by dust particles). Only for cloudless skies, 
in which little particulate matter is present, can fairly good estimates 
of the amount of radiant energy reaching the ground be made. With any 
type of cloudy sky, the unknown variables acquire such importance that 
it becomes virtually impossible to make reasonable estimates. 
There are two possible solutions to this impasse. One is to 
measure insolation whenever and wherever it is needed, but this would be 
an expensive approach due to the nature of the required instrumentation 
(infra., pp. 66-76), and well might be impossible. In addition, this 
type of sporadic, unsystematic observation does not lead to the 
compilation of masses of data suitable for regional climatic 
analysis. The other alternative is to measure insolation regularly 
at a few well-chosen locations as part of a comprehensive climatic 
data collection program, such as in the program of the United States 
Weather Bureau. These observations then can be correlated with re-
lated climatic variables measured both at insolation stations and at 
many other stations. Resulting empirical relationships could be used 
to estimate insolation for places lacking insolation data. Actual 
and estimated insolation data could then be used as a basis for many 
basic studies. 
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CHAPTER III 
EVALUATION OF EMPIRICAL STUDIES OF INSOlATION 
CLIMATE-LITERATURE REVIEW 
Introduction 
Theoretical calculations of insolation have produced much 
valuable information concerning the behavior of solar energy in 
the earth's atmosphere, but have helped little in applied prob-
lems where actual insolation data were needed, particularly where 
needed in quantity. Mathematical models built from theoretical 
principles have been too complex and cumbersome to lend themselves 
to large-scale use, although this can no longer be a critical limit-
ing factor if there is access to electronic computers. As pointed 
out in the previous chapter, more serious handicaps arise due to the 
lack of firm principles on which to establish relationships, and 
the lack of quantitative information for many of the variables of 
theoretical relationships. For example, calculations of insolation 
have been worked out using surface vapor pressure as the parameter 
for vertical distribution of water vapor through the entire cross-
section of the atmosphere (see Kimball, 1919). 
Attempts to predict insolation from empirically established 
relationships, as a rule, have been more rewarding than those built 
upon theoretical considerations. Empirical equations are generally 
of simple construction, often involving only two variables, and thus 
offer no great obstacle to the calculation of massive amounts of 
data. If they are based on a relatively close causal association 
of two or three quantitative variables, the complex concatenation 
of atmospheric phenomena affecting transmission and absorption are 
integrated in such a manner that it does not matter that some 
processes are not thoroughly understood. For example, if duration 
of bright sunshine, as measured by a sunshine recorder, can be sig-
nificantly correlated with insolation values from a pyrheliometer, 
it is not of major importance that many aspects of the transmission 
and absorption of solar energy through clouds remain to be explained. 
The present investigation is, of course, strictly empirical in nature; 
hence, most of the following discussion emphasizes studies of this 
type. 
Early Investigations 
Apparently the first efforts to explain the laws controlling 
insolation at the earth 1 s surface were made by Angot (1883) during 
the last two decades of the 19th century.l His efforts were of 
necessity largely theoretical because a really satisfactory technique 
for measuring insolation was not devised until the last decade of the 
19th century when K. D. Angstrom invented the pyrheliometer. One of 
Angot's greatest contributions consisted of calculating for month 
and latitude the insolation incident upon a horizontal surface under 
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the assumption of a completely transparent atmosphere (see Brunt, 1944, 
p. 112). He also investigated the direct solar radiation received at 
the earth's surface as a function of the transparency of the atmosphere. 
1see Budyko (1956, pp. 15f.) for infonnation concerning the 
history of insolation research and pyrheliometric measurements. 
Many others followed Angot, including Link, A. lngstrom, Ba.ur and 
Philippa, Milankovich and Kimball, Summary discussions of the 
contributions of these individuals and others may be found in 
meteorology textbooks and monographs, but particularly good are 
those in Haurwitz and Austin (1944, pp. 4-17), Fritz (1951, pp. 
13-33), and AngstrOm (1951, pp. 50-57). 
Attempts to Establish Empirical Relationships 
It has long been known that relationships exist between in-
solation and various atmospheric phenomena commonly observed at 
meteorological stations the world over; the most obvious possibil-
ities being sunshine duration and mean cloud cover. Angstrom is 
generally given credit for developing the relationship between these 
observational elements and insolation, the results of which were 
presented in a paper published in 1921. However, a paper by Kimball 
(1919) is believed to be the first such presentation. Both men 
suggested that an association existed between daily values of sun-
shine duration and insolation, with the ratio of insolation on a 
completely overcast day to that on a perfectly clear day taken as 
a constant. 1 The formula, as presented by lngstr6m in 1924 has2 
(4) 
where Qa is the amount of daily insolation for a particular daily 
ltngstrOm expressed the relationship in the form of an equation, 
whereas Kimball used graphical means, and this difference probably ex-
plains the recognition of Angstrom as the first to actually define the 
relat'lonship. 
2All empirical formulas are presented in the notation of the 
present paper. 
sunshine value, Q0 is the amount of insolation received on a clear 
day, S and S0 are the cloudy and clear day duration of sunshine, 
and ~is a constant determined by the ratio of average insolation 
on overcast days to that of clear days. On the basis of Stockholm 
data, he gave 0.25 as the value for a (1924, p. 122). Later co~ 
putations for Stockholm showed some variation of ~ with time of year, 
with summer values averaging 0.26 and winter values 0.28, and also 
a variation from year to year (Angstrom, 1956, p. 472). Kimball 
(1919, pp. 780-781), on the basis of monthly data from Madison, 
Lincoln, and Washington, D. C., found that a straight line controlled 
by a value of 0.22 for a would fit monthly data. Many others have 
investigated lngstram's basic relationship and have given values of 
a ranging from 0.20 to 0.40 for other localities. These variations 
have been attributed to the difference in the physical character and 
distribution of clouds, difference in the definitions and methods of 
measuring Q, Q0 and S, and differences in the statistical handling 
of data (Fritz and MacDonald, 1949, p. 62). 
Budyko (1956, p. 28) asserts that the Angstrom formula is 
"• •• a simple and sufficient method for detennining the total 
radiation ••• u, however, it is not without limitations. Probably 
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the most obvious is the fact that before it can be applied to a loc-
ality the clear-day insolation for that place first must be established. 
This is apparent to anyone desiring to use the relationship, but has 
been stated most succinctly by Black (1956, p. 167), 
II • • any relationship which requires the measurement of 
radiation on cloudless days before radiation on days of 
normal cloudiness can be estimated is clearly of no value 
at all, since it is precisely in places for which no 
radiation measurements are available that some satisfactory 
method of estimation is required. 11 
If one is to follow the original AngstrOm method precisely, a 
further step involving insolation measurements is necessary; the 
ratio of overcast day to clear day insolation must be established 
in order to quantify the constant ~ • However, Angstrom (1956, 
p. 473)himself recently has pointed out that this is not necessary 
and, in fact, may not even be advisable for predictive work. In 
such cases he recommends the constant be determined by the regression 
As originally defined, the constant is a physical rather than 
a statistical quantity, and the suggestion has been made that it has 
physical meaning characteristic of the structure of clouds and should 
be constant over a rather large area of the earth (Berg, 1948, p. 157). 
Drummond and Vowinckel (1957, p. 345), on the other hand, claim: 
11
• • • the principal objection to the Angstrom formula 
is that its validity is questionable if an attempt is made 
to standardize the value of ~ • This constant depends on 
certain features of the radiation climate which, at present, 
are not yet fully understood." 
Angstrom apparently never claimed the constant could be used univers-
ally, though he did suggest that, after corrections for variations due 
to latitude, altitude, and season of the year had been made, it could 
be applied to insolation calculations over large areas (Angstrom, 
lee. cit.). This seems to be a valid point, providing insolation 
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data are available for an adequate number of places to establish the 
influence of latitude and other variables on the constant. Naturally, 
adequate station coverage is a prerequisite to the widespread applica-
tion of any empirical relationship, whether physically or statistically 
based. Data from a sufficiently large sampling of different geographic 
and climatic locations must be made to insure that the full range of 
each variable is permitted to assume its proper role in shaping the 
relationship. 
A further limitation to the original lngstriim equation is the 
assumption that the insolation on a day with 100 percent sunshine will 
be equal to the established clear-day insolation. When statistical 
methods are used to determine the value of~ and 1-~ no~ priori 
assumptions are made concerning the relation of the two constants, and 
they are determined by the data used. Their sum invariably turns out 
to be less than 1.00. Fritz and MacDonald (1949, p. 61), for instance, 
discovered that the Angstrom equation calculated by regression methods 
from monthly data for United States stations was 
Qa • Q0 (0.35 + 0.61S/S0 ) (5) 
In other words, oc and 1-<X, when computed as regression coefficients, 
added up to 0.96 rather than 1,00, hence insolation values for lOO 
percent sunshine days when calculated from this particular equation 
never will quite equal the established clear day insolation. In this 
case, the deviation from unity is not large, but Albrecht (1955, p. 131) 
calls attention to deviations in the sum of()( and 1-<X from 1.00 as 
large as 10 to 30 percent for tropical and subtropical locations. 
Various explanations can be offered for this deviation. Sunshine re-
corders may not record all sunshine, even on completely cloudless 
days. The method of determining clear-day insolation may contain 
error. (Fritz and MacDonald (1949) obtained their clear-day values 
for some stations by interpolating from isoline maps for the United 
States,) Probably most important, is the fact that thin clouds can 
reduce insolation but permit enough sunshine to pass to activate sun-
shine recorders (i.e., many 100 percent sunshine days are not perfectly 
clear days). Possibly the large deviations from 1.00 encountered for 
the tropics and subtropics in Albrecht's study can be attributed to 
the high incidence of cirrus clouds in these latitudes (Albrecht, 
loc. cit.). 
Sunshine duration as the independent variable in insolation 
calculations is not the only variable that can be used, Several 
investigators have used mean daily cloud cover in the place of sun-
shine in the Angstrom equation. Based upon insolation and cloud cover 
data for the United States, Kimball (1928, p. 395) derived the follow-
ing empirical equation: 
Qa = Q0 [ 0.29 + 0, 71(1-Cd~ (6) 
where Cd is the mean daily cloud cover in tenths. However, cloud cover 
seldom yields as close a relationship with insolation as sunshine. 
Because cloud cover is estimated by an observer rather than recorded by 
instrument, human falibility and differences in judgment may produce 
bias in the values. In addition, it usually is estimated at hourly 
intervals, consequently, in contrast to the da~y sunshine value based 
on continuously recorded sunshine. Cloud cover does not represent 
a completely integrated daily value. Finally, cloud cover estimates 
usually give no indication of the opacity of clouds to solar energy. 
Despite these serious handicaps cloud cover has been widely used, 
chiefly because it is more widely available than sunshine data. 
In spite of serious deficiencies, the AngstrOm relationship 
has contributed much to studies of insolation. The most serious 
deficiency is the requirement that before it can be used to cal-
culate the insolation for a location, the clear-day insolation for 
that place first must be determined. Although this can be done with 
moderately reasonable accuracy from calculations based upon theoret-
ical principles of scattering and absorption in the earth's atmos-
phere, one cannot avoid introducing an error of unknown magnitude 
into a relationship that is not perfect at best. Calculation of the 
clear-day insolation for all locations for which data are desired 
adds an additional work step to a procedure that, though not complex, 
involves the manipulation of large amounts of data and thus requires 
considerable time to perform. Because of these deficiencies, the 
original lngstrem relationship is not used in this study. 
Many investigators have searched for empirical methods that 
provide non-observed values of insolation of a higher order of 
accuracy and representativeness than can be obtained from the original 
Angstrom equation.1 In 1949, Fritz presented the results of a 
comprehensive study of conditions in the United States which con-
tained a technique for calculating insolation on cloudless days. 
His approach, however, is not completely empirical, since he intro-
duced theoretical concepts based on assumptions concerning atmos-
pheric scattering and absorption. On the basis of these assumptions, 
he developed an expression for the total insolation per minute on a 
horizontal surface for a given optical air mass and zenith angle of 
the sun. To calculate the daily total insolation, the function had 
to be integrated for all solar zenith angles between sunrise and sun-
set on the day in question. Because of the difficulty of this task, 
Fritz calculated the daily insolation only for the 15th day of each 
month. This was done for all 12 months for approximately 30 stations 
in the United States. Actual clear-day insolation for the 15th of 
the month for 23 stations, the period of record varied from 2 to 20 
years for these stations, was also used to draw isoline maps of mean 
monthly clear-day insolation for 50 ly intervals. 
This valuable study was the first of its kind for the United 
States, but it was not without limitations. Use of the 15th day of 
the month to represent the entire month is, of course, highly question-
able. Also of doubtful validity is the method used to determine the 
lThe following review of individual papers is not definitive. 
Several local and a few regional or world-wide studies have no interest 
to the theme of the discussion; and some possibly important studies 
were unavailable to this writer, notably a study of world insolation 
distribution by Bernhardt and Phillips (1958}, and several by Russian 
investigators. 
effect of atmospheric particulate matter and ground albedo on 
insolation. This was accomplished by calculating the amount 
of insolation received through a clean, moist atmosphere for 
stations where pyrheliometric observations were available, then 
subtracting this value from the actual measured insolation for 
that day, and considering the remainder as "• •• a factor includ-
ing dust, reflection from the ground, and errors caused by the 
assumptions which entered into ••• 11 the equation. Isolines were 
then drawn for this factor and used to correct the calculated 
insolation values for locations without actual insolation data. 
This approach makes it impossible to separate dust and albedo 
effects from procedural errors, consequently the accuracy of the 
final calculations can only be vaguely determined. 
It was not until the late 1940's that recorded insolation 
values in the United States had grown to comprise ll widely scat-
tered stations with at least 10 years of record. The first real 
effort to map insolation in the country with anything approaching 
an adequate data base, appeared in a study by Fritz and MacDonald 
(1949) in which monthly means of daily insolation were determined 
and Q
0 
values used to obtain the linear regression equation, 
Qa = Qo(0.35 + o.61Sr) (5) 
with a correlation coefficient of 0.88. This relationship was 
applied to monthly mean sunshine data for approximately 150 stations 
in the United States to obtain calculated values of monthly mean 
daily insolation. The Q0 values for the expression were obtained 
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by interpolation from Fritz's (1949) clear-day maps. Calculated 
insolation values were corrected for residual error by determining 
for each of the 11 insolation stations the departure of the cal-
culated period-of-record insolation values from actual period-of-
record values. These departures, or residuals, were plotted on a 
map for each month and isolines drawn in regions where it appeared 
a systematic geographic distribution existed. The maps were then 
used to adjust the calculated Qa values for the 150 sunshine stations. 
Finally, isoline maps of mean daily insolation were prepared for each 
month of the year. 
The great value of this work cannot be questioned, and is 
amply supported qy the numerous references to it in papers describing 
the application of insolation data to engineering and agricultural 
problems. Certain deficiencies, however, should be pointed out. The 
number of insolation stations used to establish the regression re-
lationship is small, a fact which should encourage the preparation of 
new maps of the United States now that more than 10 years of data are 
available for more than 70 locations. Nevertheless, the distribution 
of the 11 stations is good and covers every section of the country so 
this is probably not a serious fault. More serious is the fact that 
no attempt was made to uncover variation in the regression relation-
ship associated with seasons of the year, latitude, or station eleva-
tion. Possibly the number of stations were too few to permit such an 
analysis. Finally, it is unfortunate that Q0 values for the non-
insolation stations had to be interpolated from the earlier maps 
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prepared by Fritz. This placed an error of unlmown magnitude in 
the basic calculations, since these maps are based on an inexact 
technique. 
C. L. Mateer (1955a) has published an excellent paper 
4'1 
describing the results of what is apparently the first effort to map 
insolation in Canada. In so doing, he has followed almost precisely 
the approach of Fritz and MacDonald, first publishing a paper showing 
the distribution of cloudless-day insolation for Canada (Mateer, 1955). 
His data base consisted of at least 4 years of daily insolation measure-
ments for 7 Canadian and 1 Alaskan station, 20 years of sunshine data 
for 85 stations in southern Canada, and 20 years of cloud cover data 
for 40 stations in northern Canada. Data from 6 of the insolation 
stations were used to develop empirical equations for the relation-
ship between insolation and sunshine similar to the technique used 
by Fritz and MacDonald. Mateer found it necessary, however, to dev-
elop seasonal equations, one for summer and another for winter. The 
winter season had to be treated separately because of the inability 
of the sunshine recorder used in Canada to measure sunshine in the 
far north when the sun is near the horizon. It was found that a 
yearly equation consistently predicted winter insolation values that 
were too low, probably, Mateer felt, because of the influence of 
multiple reflection from snow-covered ground. It is interesting to 
note that his summer regression equation, 
(7) 
is very close to the annual equation ( 5) of Fritz and MacDonald. 
Insolation data from 3 northern stations were used to 
determine the regression relationship between Qa/~ and cloud 
cover. In this case, only the months from February through Oct-
ober (during which time the sun is above the horizon) were con-
sidered. A quadratic equation of the form 
2 Qa = ~(a + bCd + cCd ) ($) 
was found to fit the data best. For some reason not apparent in 
the paper he prepared a separate equation for each of his 3 north-
ern stations, then divided the northern area into 3 zones with the 
equation for the insolation station in that zone being applied to 
all cloud cover stations in the zone. Nevertheless, the same tech-
nique used by Fritz and MacDonald to correct for apparent residual 
errors between calculated and actual insolation totals was applied 
in determining the final predicted insolation values. Monthly maps 
of mean daily insolation, with isolines drawn for every 50 ly, were 
the final product of the work. This paper represents an advance over 
that of Fritz and MacDonald in that it recognizes the significance of 
snow cover in altering winter insolation values, and in that use was 
made of cloud cover data to expand the network of stations. 
An attempt to place the prediction of insolation on a thoroughly 
systematic basis was offered by Hamon, Weiss, and Wilson in 1954. They 
used 3 years of data from 20 stations in the United States to develop 
the empirical relations between daily insolation, percent of possible 
sunshine, latitude, and time of year, from which a nomograph was 
prepared for predicting daily values of insolation. Unfortunately, 
none of the 20 stations was located farther west than San Antonio, 
Texas, and none higher in elevation than Bismarck, North Dakota 
(l,66o feet). No explanation is given by the authors for not 
selecting stations farther west and at higher elevations. Apparent-
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ly they intended the method to be applied to such stations, as evi-
denced by their selection of Seattle and Salt Lake City among stations 
to test the method. Despite this criticism, the correlation coefficient 
between 207 observed and estimated daily values, including several from 
the two western stations, was 0.97 with a standard error of only 36 
langleys. 
In preparing their nomograph, the authors brought out a number 
of interesting points concerning the variables used. Monthly scatter 
diagrams for each station were drawn and, according to the authors, 
invariably showed daily insolation as a curvilinear function of sun-
shine. Even though eight of these diagrams are presented in the 
paper, only two or three showed any pronounced curvilinearity. They 
investigated the role of snow cover b,y identifying points on the 
scatter diagrams that represented days with snow on the ground, and 
concluded (correctly from the appearance of the diagrams) that "The 
scatter diagrams failed to show sufficient separation of the points 
to enable separate curves to be drawn to snow and no-snow cases; there-
fore, they were considered as the same population in defining the 
curves." Their analysis of the constant~ in the lngstrem equation 
revealed it varied only slightly with season of the year but consider-
ably with latitude. The latitudinal variation apparently was quite 
systematic1 falling from nearly 0,.30 at 2.5° to a minimum of approJG-
imately 0.19 at 4.3° • then rising again to about 0.2.3 at .50°. Many 
investigators have encountered this increase of ex values with in-
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creasing latitude, and it generall,y has been explained as a response 
to increased transmission of solar energy through clouds of decreas-
ing average thickness and water content as high latitudes are approached. 
The authors presented no explanation of the curve minimum at 4.3° lati-
tude. If cloud thickness and water contaat are predoqrlnant in control-
ling OC • it may be that location of the low point of the curve at 4.3° 
is related to the fact that this is close to the zone within the United 
States with the most frequent encounter between cP and mT air masses, 
hence the greatest frequency of thick clouds. The increase in cx values 
north of 4.3° may possibly be attributed to the influence of reflection from 
snow-covered ground, 
Knowledge of the heat and moisture balance apparently is con-
sidered by Russian geographers and climatologists as the foundation 
stone upon which all physical geographic understanding must be based 
(Thomthwaite, 1961, P• .3.52). It is natural then that considerable 
attention would have been given to problems conceming insolation. 
Very recently a few Russian papers have been translated by the Foreign 
Area Section, Office of Climatology, of the United States Weather 
Bureau, In one such paper, Bu.~o (19.56) published a lengthy mono-
graph, :!l!!, !!!n Balance 2!, ~Earth's Surface, in which be reviewed 
Soviet and, to a certain extent, foreign contributions to this field,l 
lThis work has been translated in its entirety by the Foreign 
Area Section of the Weather Bureau. 
In this monograph, he briefly summarizes the history of the develop-
ment and use of the lngstrom empirical relationship between insol-
ation and either sunshine or cloud cover. The work of one individ-
ual he discusses should be mentioned here. According to Budyko, 
Savinov, in a series of publications in the early 1930's, presented 
findings arising from detailed investigations of the interrelation-
ships between Sr and (1 - Cd) in the Angstrom equation. From observ-
ational data taken in Pavlovsk, he found that these values usually 
differed considerably from one another. To quote Budyko (p. 29), 
"Savinov came to the conclusion that the best agreement with the true 
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value of the actual amount of solar radiation to the possible radiation 
could be obtained by using the mean arithmetic value of Sr and (1 - Cd)." 
He suggested the following formula: 
where 
n • 1- 1 -% + Sr 
2 
(9) 
(10) 
and c is a coefficient showing the effect of clouds on radiation. Budyko 
also presents a discussion of his own work in preparing mean monthly 
maps of the distribution of insolation for the world, (ibid., pp. 30-35, 
89-90, 98-102). This is an extremely valuable work, being the first 
of its kind, but it contributes nothing of any real value to the method-
ology of empirical insolation studies. 
Four papers published between 1954 and 1958 have made important 
contributions to the present study. First, from the standpoint of dis-
covery, is a paper by DI'UlllllOnd and Vowinckel (1957) in which estimated 
values of insolation were added to obsel:"'Ted values to improve the 
network of stations for a description of the distribution of in-
solation in South Africa. This paper is important to the present 
study largely because it was the source of the idea of making a 
similar study for an area of the United States. Otherwise, it con-
tributed little to the present investigation or to the advancement 
of empirical studies of insolation. The authors relied solely on 
the original unmodified lngstrom equation for the computation of non-
observed insolation. 
A significant contribution was made by Black, Bonython and 
Prescott (1954). In an attempt to overcome the necessity for measur-
ing or estimating clear-day insolation at all locations where the 
Angstrom equation is to be applied, they substituted the easily com-
puted value ~' the daily extraterrestrial insolation, for Q0 • 1 The 
value Qe can be precisely determined for any location and time of the 
year, consequently, it provides a completely reliable point of depart-
ure from which to begin building empirical relationships between in-
solation and as many variables as can be significantly correlated. On 
the basis of data from 32 stations in various parts of the world, the 
authors investigated the relationship between monthly insolation and 
the percent of possible sunshine for the linear equation 
~~.a+ bSr•· (ll) 
lrhe first use of Qe 
by Prescott (1940). 
in empirical studies apparently was 
made 
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With these data, the regression coefficients a and b were determined 
for each station on the basis of the 12 monthly mean period-of-record 
values. There apparently was no discernible trend among the co-
efficients for the 32 stations with respect to latitude or other 
geographic variables, so the authors thought it advisable to derive 
a single regression equation for all 32 stations. The exact form of 
the equation was: 
(12) 
The authors felt this equation would have general application within 
the range of latitudes studied, (35° south latitude to 65° north 
latitude). However, it is questionable if this was the case. As 
Angstrom (1956, p. 478) pointed out, the failure to consider eleva-
tion as a variable was a serious fault. It will be shown later in 
this dissertation that data from the western United States showed a 
rather close correlation between altitude and the regression coeffic-
ients a and b. Furthermore, altholJ&h they claim (p. 234) "· •• a 
good linear relationship was immediately apparent ••• ",the scatter 
diagram of Qa/~ vs. Sr, containing the monthly values from all the 
stations, indicates a curvilinear relationship. Finally, despite 
fairly sophisticated statistical handling of the data, e.g., the 
elimination of any effects of autocorrelation between monthly values, 
they fail to give a single correlation statistic to permit evaluation 
of the closeness of the relationship. 
Work using Qe that was more carefully done was reported by 
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Glover and McCulloch in two papers published in 1958. In both 
cases the basic regression equation was of the form: 
(ll) 
The great value of the papers is the systematic manner in which 
possible variations of a and b with altitude, time of year, lat-
itude, and manner of data grouping were investigated. In the first 
paper, the analysis of five years of daily data for Kabete, Kenya 
(6,000 feet, 1° 161 S. Lat.), was discussed. Since only one station 
was involved, the main effort was to determine thro~ statistical 
analysis the yearly month-by-month variation of a and b, and the 
effect produced by different groupings of the data. Regression 
equations were determined for each individual month of the five 
years of record for each year and for the entire period-of-record. 
The authors have the following to say about the equations (p.58): 
"They show that a and b can vary widely with no obvious 
relation to the slight seasonal variations at the latitude 
of this station, and that the extreme variations are asso-
ciated mainly with unusually large or small amounts of cloud 
which occur by chance in any particular month. Indeed, the 
distribution of a and b. • • are substantially nonnal, with 
mean values of 0.273 ± 0.023 and 0.544 ± 0.028, respectively. 
Thus, a relationship of the form O.a/~ = 0.27 + 0.54Sr is a 
suitable one for local conditions. This is very similar to 
the corresponding relationships derived for each year and 
for the whole five-year period ••• Hence grouping of the 
data by months and years has had little effect." 
Various other groupings of the data were attempted, such as ten-day 
means, monthly means, etc., and used to calculate the regression 
equation. There was some variation of the coefficients for these 
groupings but the authors assert that none of the differences were 
statistically significant. Correlation coefficients for all the 
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groupings were high, varying from 0.82 to 0.97. 
In the second paper, five stations in the Union of South 
Africa, Kabete, and Kew, England, each with five years of daily 
insolation and sunshine data were investigated for the behavior 
of a and b with different groupings of data, and changing station 
altitude, latitude, and optical air mass. As in the earlier paper, 
it was found that a and b varied according to the manner of group-
ing, but in this instance, some variations were significant. It was 
found, for instance, that grouping by months caused a restriction in 
the range of values used in the regressions that could affect the use 
of the relationship. For example, at Kew daily values of Sr ranged 
from 0 to 1, but when averaged by months, the maudUmlln value was 0.58. 
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As they stated (p.l72), "It was therefore decided to use, where possible, 
only regressions calculated from daily values, so that the resulting 
parameters from all over the world would be more strictly comparable. 11 
On the basis of annual regression equations for each station calculated 
from daily data (that is, 5 annual equations for Kabete, 5 for Pretoria, 
etc.), no significant dependence of bon either air mass or latitude 
was noted. The frequency distribution of b was found to be normal with 
a mean value of 0.52 and a standard error of 0.005, hence it could be 
considered a constant with respect to air mass and latitude. The co-
efficient a, on the other hand, was found to vary some with air mass 
and altitude, but not in a highly significant manner in either case. 
However, a significant and close correlation of a, with latitude, was 
noted in the form: 
a = 0.29 cos p. (13) 
This value for a, along with the mean value of 0.52 for b, were 
combined to produce a final regression relationship for all 7 stations 
that took the form: 
Qa/Qe: 0.29 cos p+ 0.52Sr. (14) 
This study has contributed a great deal to the approach used 
in this dissertation, primarily because of the information that was 
gained concerning the investigation of the regression coefficients, 
a and b. No serious deficiencies can be pointed out in the study, 
with the exception that it would have been desirable to use more than 
7 stations in testing for variation in the regression coefficients. 
Also, no real test of the final equation was presented that could be 
used to judge its validity. 
Summary 
It is apparent from the review of literature just completed 
that during almost the entire history of insolation studies investi-
gators have labored under two handicaps that have inhibited progress 
in preparing satisfactory descriptions of regional insolation climate. 
The most serious of the two has been the scarcity of systematic insol-
ation data for adequate geographic networks of stations; the second 
has been the preoccupation of most workers with Angstrom's Q0 and ~ 
as the basic values in the construction of empirical equations to 
compute insolation for locations having no data. Too much energy has 
been expended trying to detennine variations in the value of 0: , and 
concentration on the use of ~ has placed a roadblock in the way of 
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widespread geographic application of empirical methods that few 
investigators were able to overcome. However, the real limitation 
to progress has been the lack of insolation data. Budyko (1956, 
p. 16) points out that in 1930 there were only 32 insolation stations 
in the entire world, and that by 1945 the number had grown only to 
58, by 1949 to 85, and in 1954 to 139. Until the beginning of the 
last decade, no sizeable area in the world had anything resembling 
an adequate network of stations measuring insolation. In 1949, Fritz 
had only 10 stations with reliable data to use as a base for his maps 
of insolation in the United States. 
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The present study is one of the first to be freed of both the 
limitations just described. There now is available at least 10 years 
of data for more than 70 stations in the United States. Wnereas Fritz 
had data from only 10 stations for the entire country, the Intermontane 
region alone now has data for that number of stations. For the first 
time it will be possible to make, for a large region of the United 
States, a thorough statistical investigation of the empirical relation-
ships between insolation and possible controlling climatic and geo-
graphic variables. Fairly definitive answers finally can be given, at 
least for the study area, to some of the questions raised by previous 
investigators (e.g., the relative merits of linear vs. curvilinear 
equations in computing insolation). Finally, in contrast to earlier 
studies based on Q0 , there will be no uncertainty concerning the value 
of the basic datum, ~' at non-insolation stations, and this will per-
mit greater freedom of application of the empirical method to the 
analysis and description of regional insolation climate than has been 
possible in most earlier studies. 
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CHAPTER IV 
THE SELECTION OF STATIONS AND DESCRIPTION AND EVALUATION 
OF DATA AND INSTRUMENTS USED IN THE STUDY 
Description of Stations an4 Data Used in the St!ldy 
Ten stations, for which reliable daily values or insolation 
covering the period 1950-60 were available, were selected within the 
Intermontane region to serve as a base for the analysis of the in-
solation climate of the region. Insolation values were measured by 
the United States Weather Bureau's st&llliard insolation instrument, 
the Eppley pyrheliometer, and consisted of total daily amounts or 
thermal energy expressed in langleys received from sunrise to sun-
set on a surface horizontal to that of the earth. Daily values of 
climatic elements suspected or influencing insolation, such as cloud 
cover, were also assembled for the 10 stations, and together with the 
insolation data were hand-copied on tabulation sheets and then punched 
on IBM cards for machine analysis. The daily insolation values were 
obtained from monthly issues of the Weather amtau publication, 
Climatological ~ National Su!!!l!!!lry; daily nlues or all other el-
ement. from the monthly station iuues of the Bureau's Local Climat-
olocical ~· Monthly data of insolation and related cl.illatic el-
aments were also prepared for the 10 stations and punched on cards. 
These monthly data consisted of either monthly means of daily values, 
or monthly totals of daily values (infra., P• 6.3), and were copied 
from the sources just mentioned, or were calculated from the dailT 
values punched on cards. It should be noted that insolation data 
were available !or sites within the re!fon that were not used because 
the records were too brief or the data appeared unreliable.l 
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In addition to the lO insolation stations, 16 stationa located 
within the Intermontane region (none or which had insolation data), and 
ll stations outside or the region (5 of which bad insolation data) were 
selected. These stations were used to expand the regional analysb of 
insolation beyond the 10 key insolation stations through the use of 
computation techniques described later in the stud7. Only monthly data 
were prepared and p1mched on cards !or these stations. Although daily 
values were available !or most of these 16 stations, machine processing 
of the vast qu.ntity of data represented by these daily values was 1m-
practicable and would not han enhanced the quality of the regional 
analysis enough to justify the additional large expenditure or effort. 
A. list of all stations used in the study and the data compiled 
!or each is given in Table VI, The re!fonal distribution of the stations 
is shOII!l in Figures l and ,3. The lO key insolation stations are reason-
ably well distributed over the region, with the exception that none are 
lecated along the western mar!fn and none are near sea level. (Phoenix 
at 11 112 feet is the lowest). It was necessary to use Fresno, Cal-
ifornia and Seattle, Washington, both of which are located outside the 
lPage, Arizona is a location lllhere obserYations were taken !or 
too short a period (!rom early in 1959 thro\l&h 1960). Yuma Test Station, 
Arizona and Inyokern, California had lengthy records, but the data did 
not appear to be reliable. The author knows !rom personal experience 
that instrumentation at Yuma was untrustworthy during a good part of 
the study period, and the values !or Inyokern were unreasonably hi&h, 
daily totals of insolation actuall.y surpusing the extraterrestrial 
values on many occasions. 
TABLE VI 
ST.MMARY OF DATA CCMPILED FOR STATIONS USED IN THE STUDY 
Qe, Sr cd G w p ~ Ill*** Daz Mo1 Daz Mo. Daz Mo. D!.r Mo. Mo.** ~ D& Mo. ~ Insolation Stations: 
El Paso, Tucson, Phoenix, Boise, 
Albuquerque, Grand Junction, Ely, 
Salt Lake City, Las Vegas, Spokane X X X X X X X X X X X X X 
Seattle*, Fresno*, Lander* X X X X X X X 
Medford* X X X X X X 
Riverside* X X X 
Sunshine Stational 
Ylllllll, Pueblo*, Reno, Red Bl.ut.f'* 1 
Prase~ Winnemucca, Pocatello, 
Portl , Missoula*, Walla Walla X X X X X X X 
Cloud Cover Stations: 
Roswall*, Winslow, Flagetaff, 
Bakersfield*, Bishop, Milford, 
Elko, Burns, Lewiston, Meacham, 
Pendleton, Yakima X X X X X X 
* Stations located outside the Intermontane region, 
** 1950-1956 only. Precipitable water data are available only for El Paso, Phoenix, Albuquerque, ~ 
Las Vegas, Ely, Grand Junction, Boise, Spokane, Seattle, and Medford, 
***See p.63 f, for an explanation of these symbols, 
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Figure 3. The use of quotation marks and parentheses around 
the station names irdicates the methods used to compute the monthly 
mean daily insolation values shown in Figures 26 to 37. See PP• 154 
to 167 in the text !or an explanation of these methods, 
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region, to investigate the variation of certain relationships near 
sea level. It is unfortunate that the records for Yuma and Inyokern 
could not be used, Both are located naar sea level on the western 
margin of the region, and in addition, are in a section that ver,y 
likely has the highest annual totals of insolation for the entire 
region. The addition of the non-insolation stations to the net-
work gives good coverage for the whole region and, providing the 
techniques used to compute insolation !or them are valid, they 
should constitute a good base for the analysis of the areal dis-
tribution of insolation within the region. 
A description of the form in which the data were compiled and 
punched on cards followe: 
1, Insolation (Q.l 
a. daily: total in langleys 
b. monthly: monthly mean daily, and monthly 
total, both in lanaJeys 
2. SUnshine (Sr) 
a. daily: percent of possible sunshine 
b. monthly: monthly mean daily percent of 
possible sunshine 
1In July 1957, the U. S, Weather Bureau adopted and put into 
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use at all of ita pyrheliometric stations the International Pyrhelio-
metric Standard of 1956. This standard produces values 2 percent lower 
than the Smithsonian 1913 Standard in use to that time. All daily values 
used in this study for the period p:rbr to l July 1957 were multiplied by 
0.98 to make them comparable to values observed with the new standard, 
3. Cloud Cover (Cd) 
a. daily: mean daily amount of sky covered with 
clouds from sunrise to sunset (mean values of 
hourly observations), in tenths of total sky 
b. monthly: monthly mean daily amount of sky 
covered with clouds from sunrise to sunset, in 
tenths of total sky 
4. Ground Cover (G) 
a. daily: presence or absence of 1 inch or more 
of snow on the ground 
b. monthly: number ot days per month with 1 inch 
or more of llllOW on the ground 
;. Precipitable Water Vapor (w) 
a. monthly: monthly mean of daily precipitable 
water vapor, in Clll 
6. Extraterrestrial Solar Radiation (~) 
a. daily: total in langleys 
b. monthly: monthly mean daily, and monthly 
total, both in langleys 
7. Optical Air Haas (m) 
a. monthly: monthly 11118an daily solar noon Tal.ue 
The last two types of data listed above were prepared by the 
author, since they are not available in daily or monthly form for the 
stations in this stuc~T. Graphical techniques described below were 
used to calculate the values of ~ and m from tabulations prepared by 
other investigators. 
Collmann (1953./1954, P• 120) calculated values o! ~ for 
16 days or the year at 5° intervals o! latitude !or the northern 
hemisphere. Af'ter adjusting his data !rom the 1.94 solar constant 
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value he used to the 1.98 values in this study, the values were plotted 
on a large 20 by 24 inch sheet or graph paper ruled at 20 lines to the 
inch. The ordinates or the graph were daily~. with one division on 
the paper representing 2 langleye, and the abscissa were latitude, 
with one division equaling 6• of latitude. Spline curves were used 
to connect all plots !or one day, giving a IIDIOoth curve which could 
then be used to determine the Qe on that day !or any latitude. From 
each o! these 16 daily cUI"I'8s, the value corresponding to the latitUde 
o! each station in the study was read, thereby providing the ~ for each 
station for each of the 16 days. These 16 points for each stat.i.on were 
then plotted on the same type of graph paper, for lihich the ordinates 
again were ~· but with the abscissa representing the 365 days of the 
year. Spline CUI"1'8s were used to connect these points, giving a IIDIOoth, 
modified cosine clUTe of the annual regime of daily ~ for the station 
in question. From these last CUI"I'8S the ~ for each day of the year 
at each station was read. It is estimated that the technique produced 
daily values with an accuracy of ± 4 langleye. 
A l!'imilar method was used to calculate mean monthly optical 
air mass. The Smithsonian Meteorological Tables (IJ.st, 1951, P• 422) 
give m for each 1° change in z. To make it possible to use this table, 
the mean value of z of the noon sun was computed for each month of the 
year and every 2° .30 1 interval of latitude from 25° 00 1 N. to 
65° 00 1 N. This mean angle was then used to enter the Smithsonian 
table to obtain m for each 1110nth and 2° .30 1 parallel of latitude. 
The values of m thaa obtained were plotted on a sheet of the graph 
paper described above, with the ordinates consisting of m (l div-
ision of the paper equaling 0.01 optical sir mass), and the absciaeas 
as degrees of latitude (each division equaling 6 1 of latitude). 
S11100th curves were drawn through the plotted monthly values, and 
these were used as a source of the 1110nthly mean optical air mass 
for each month for each station, depending on the station latitude. 
The values of m, thus determined, do not represent the true monthly 
mean optical air ma1111. This could be obtained only by calculating 
for each day of the month the air mass for several values of z be-
tween snnrise and sunset and then determining the mean of these 
valuee for the month. Since optical air mass, in this study, is 
not to be used as an absolute value for calculating insolation values, 
but to compare the month-by-month and station-by-station relative el-
evation of the sun for regression and correlation purposes, it was 
not necessary to laboriously calculate a daily m value. Hence, the 
quantity that was actually calculated, the monthly mean air mass at 
solar noon, was deemed satisfactory. 
Inherent Limitations of Recording Instruments and Evaluation of 
Sources of Simi ticant Error 
Two of the instruments, the Eppley pyrheliometer and Marvin 
sunshine recorder, used to collect data for the study merit special 
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attention in the form of a brief description of their general 
characteristics and of certain recording det.iciencies they possess. 
To date, no completely reliable system of a non-laboratory 
nature has been developed for measuring and recording insolation, 
or for reducing the recorded maasurements to llUIII8rical form. All 
insolation data used in the present studT were provided by the system 
emplo:J'ltd by the U. s. Weather Bureau, consisting of an Eppley pyr-
heliometer, an electronic strip-chart recorder, and hand-reduction of 
data. In reliability, this system is typical of most used throughout 
the world. As operated by the Weather Bureau, it provides daily data 
with a probable accuracy of S to 10 percent.l 
The Eppley pyrheliometer is a thel'IIOpile type instrument that 
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measures insolation by noting the temperature difference created 
between a black and a white surface by radiant energy striking the 
surtaces.2 The receiving surface consists of two concentric silver 
rings (total diameter, 1.1 inches), an inner ring painted with lamp-
black and an outer ring coated with magnesium oxide, both of which 
are enclosed in a hemetically sealed spherical glase bulb 3t inches 
in diameter. Lampblack ill a good absorber of radiant energy at all 
wavelengthe, while magneeium oxide baa a high coeft.icient of reflection 
for radiation in the epectral range of insolation, approximately 0.3 11 
to 4.0 p, and is a good absorber and emitter in the longer wavelengths. 
~rsonal c()l!!!!!lm1cat.ion from Mr. R. M. Marchgraber, Chief, Met-
eorological Inetrument Developnent Branch, U. S. Arrq Signal Corpe 
Engineering Laboratory, Belmar, New Jersey. 
2The phyeical description of the inetrument given here is taken 
from Eppley Lab., Inc., Bull. No. 2. 
The similarity o! the two rings with regard to absorption of longwave 
radiation m1n1m1 zes the effect of back longwave radiation to their 
surface by the dry air contained within the glass envelope, or from 
the glass envelope itself. Longwave radiation generated within the 
atmosphere does not influence the receiving surfaces of the rings 
because the glass bulb cuts oft virtually all energy above 5.0 P.• 
Thus, virtually all of the response of the instrument is due to 
radiant energy from the sun. Mounted on the under sides of the 
silver rings in good thenaal contact with them is the thermopile 
uade up of 10 or 50 thermocouples. The hot junctions are attached 
to the black-surfaced disc, the cold to the white-surfaced one, and 
the difference in temperature between these junctions generates a 
very ..U flow of electric current which is closely proportional 
to the intensity of insolation falling on the sensing surfaces. 
The spectral response of the Eppley to solar energy ranges 
from approximately 0 • .3 p. to 5.0 p., principally because of the trans-
mission characteristics of the glass used in the bulb. The glass, 
however, is not controlled for constant transmissivity, and individ-
ual bulbs uay Tary slightly in the extent of this range. The per-
cent of transmission of the glass also Taries somewhat within the 
0 • .3 to 5.0 p. range. It is lowest and approaches zero at either end 
of the range, and highest (above 90 percent) between 0.4 p. and 2.6 J1 
where nearly all the energy in ineolation is found. On the ultra-
violet end the transmission falls rapidly from close to 100 percent 
at 0.4 J1 to less than 5 percent at 0.28 p., while in the intra-red 
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region transmission remains above 70 percent to about 4,2 )l a.i'ter which 
it declines sharply toward values approaching zero percent just beyond 
5.0 Jl• Tests by the National Bureau of Standards or the spectral trans-
mission of the glass used in the Eppley bulbs produced essentially the 
same results as those reported by the manufacturer (MacDonald, 1951, 
PP• 158-159) • 
To what extent is the data collected by the Eppley pyrheliometer 
and the recording and reduction system used by the Weather Bllreau valid? 
In other words, how accurately does it represent the amount of insol-
ation actually received? It has already been seen that the need to 
protect the sensing elEment from the weather produces a basic error 
due to the imperfect transmission qualities of the glass cover. This 
error, however, is reduced to lllll&ll. proportions by cODJparison of each 
instrument at the time of manufacture with an absolute instrument 
and by compensating for the difference in the constant of the new 
Eppley. 
Laboratory teats have been conducted by- several individuals 
to determine the nature and extent of other errore in the perfol'lll&llce 
of the instrument. One such error involves variations in response 
with departure o! ambient air telllp8rature from the temperature of 
calibration ( 00° F.), According to the peysical principles governing 
the electrical output of the thermopile, the output should increase 
with the ambient temperature. However, the response actually decreases 
slightly- with increasing temperature (ibid •• p. 155). This usuelly- has 
been explained on the basis of decreaaing efficiency of the thermopile 
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with increasing temperature, but MacDonal.d (!J2!!!.) belleves it to be 
the result of a decrease in the temperature difference between the 
black alld white receiving surfaces, and he suggests it may be dus to 
convection inside the glass bulb. Table VII taken from MacDonald 
(~.) shows the results of temperature tests with several instrwDents. 
The decrease in response with temperatures above 80° F. alld conversely, 
an increase with temperatures below SOO F. is apparent. The changes are 
by no 11111ans lmiform from instrument to instrument though they do fall 
rather closely together. Within the maxim1111 range of temperature norm-
ally expected in the United states, ~ fraa 0° F. to a little less 
than 120° F., the error averages leas than 5 percent for all the instru-
ments tested. 
Another error that must be considered is the so-called cosine 
error. As the zenith angle of a beam of radiant energy striking the 
receiving surface of the instrument maYes from 0° (normal to the re-
ceiving surface) to 90°, aaiiUJIIing constant energy in the beam alld no 
change in other conditions affecting tile response of the instrument, 
the output of the thel'IIIOpile should decrease with the cosine of the 
zenith angle, or from lOO percent of the energy in the beam when the 
sun is directly overhead to sero percent when the sun is on the hor-
izon. Laborator;r testa by several individuals have shown this is 
seldom the case. With low angles of incidence, the instrument has 
generally indicated amounts of insolation that were too small (see 
Table VIII taken from MacDonald, 1956, p. 156). This may be due to 
either nonlinearity of output of the thermopile with chang:lng 
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TABLE VII 
EE'FIDT OF ~illlENT Tlll-IPERATURE ON RESPONSE OF EPPLEY PYRHELIQ<.ETERS 
TABULATIONS OF RESPONSE ARE GIVEN IN PERCENT OF 
RESPONSE AT aoo F • * 
h"rheliometer Number 
Temp. 
('7.) 1617 1654 1831 1973 1977 ~ l22l. Mean 
-40 106.2 102.7 103.1 105.4 108.1 103.3 104.8 
0 105.2 102.5 102.7 106.5 105.1 105.5 102.4 104.3 
40 102.4 101.1 101.1 104.1 103.0 102.8 101.4 102.3 
80 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
120 96.2 99.0 97.3 97.0 96.4 96.7 97.8 97.2 
* 
After a table in MacDonald, 1951, p. 155. 
TABLE VIII 
:EFFIDT OF ANGLE OF INCIDENCE ON RESPONSE OF EPPLEY PYRHEL!Ol'JETERS 
TABULATIONS ARE THE PERCENT OF COR.RllllT RESPONSE SHOWN BY 
THE INSTRUMENTS AT DIFFmENT ANGLES OF INCIDE1£E* 
P~heliometer Number 
Angle of 
Incidence ±:ill: !2ll 1220 1221 
oo 100 100 100 100 
30° 103 100 102 102 
60° 105 101 100 99 
70° 94 96 
75° 101 
aoo 79 81 82 
85° 103 
* 
After a table in MacDonald, 1951, p. 156. 
"radiation flux density",l or dependence of response on some factor 
related to the angle of incidence (~ •• p. 157). It has generall;y 
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been understood tha-t the second possibility is far more important than 
the first. Miller has suggested changing coefficients o! reflection 
and absorption of the materials used to coat the ring surfaces as a 
factor (Miller, 1942, p • .324). Woertz and Hand (l94l, p. 148) believe 
the black and white surfaces llligjlt not be precisely in the same plane, 
and that the surfaces migjlt be slightly curved, both of which could 
cause a variation in response with different angles of incidence. 
They also discovered througjl a series of tests that inaccuracies in 
leveling the surface of the receiver during mounting for field service, 
althougjl veey carefully done, could contribute to a cosine error of 
,3.6 percent with zenith angles of 70° or more. Kimball and Hobbs (192.3 1 
p. 242) pointed out that the glass enveape could contribute to cosine 
error unless it were exactly spherical and free from flaws of all kinds. 
Finally, it should be noted that very little cosine error is to be ex-
pected when the sky is overcast because the energy incident on the 
receiver is diffuse in nature and comes mostly from well above the hor-
izon (Fritz, 1958, p. 159). 
To give valid data, the Eppley requires constant attention. 
It is especially important to prevent the acCWIIIll.ation on the outside 
of the glass bulb of materials such as frost, snow, and dust that will 
cut down transmission of energy to the receiving surface; however, it 
is almost impossible to keep wet snow from collecting on the bulb. 
~e term "radiation flux density" refers to the concentration 
per unit area of radiant energy on the receiving surface of the in-
strument. 
Accllllllllations of snow han been obsened by the present author to 
reduce the amount of measured insolation by as much as 10 to 15 
percent. Fortunately, insolation customarily is received in Slll&ll 
amounts during snowstorma, so the overall effect of snow deposits 
on the insolation record of a station should be slight. Dust col-
lection ie certain to be a factor in arid regions, but it IIIUSt be 
assumed that Weather Bureau personnel do a conscientious job in 
keeping bulbs clean. Verr serious consequences can come from neglect-
ing care of the instrument. The author knows of a pyrheliometer that 
vas set up near the ground 'Where it vas subjected to blowing dust and 
sand. At the time the author saw the inst:roment, the bulb had become 
so severely glazed from the abrading action of dust and sand that it 
vas almost translucent in spots. When the dust vas wiped off, an 
increase in measured radiation of about 20 percent occurred. 
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Rain water apparently bas the aame tranlllllissivity for insolation 
as the glass used in the bulb, because it bas never been obsened to 
have an effect on the response of the instrument. MacDonald (1951, 
p. 158) tested for rain effect by sprinkling water on a bulb, but saw 
no change in the output of thermopile. The present author has watched 
operating instruments closely for changes due to rain and bas observed 
none. 
A very serious source of possible error in the Weather Bureau's 
insolation measuring system involves the electronic recorder used to 
amplify and record the signal from the p;yrheliometer. These recorders 
are complex and sensitive instruments that require constant expert 
care to insure proper perf'o:rmance. If properly calibrated to the 
constant of the pyrbeliometer being used, and if kept in correct 
working order, they w:Ul provide accurate readings, but they have 
to be watched closely. It is possible for them. to drift slowly out 
ot calibration at a rate that will at tirst escape visual detection. 
Although the Weather Bureau can be expected to do a faithfUl job of 
checking their recorders, the author knows from personal experience 
that invalid data can be produced by a faulty recorder despite a 
close day-by-day watch. In the present study, several months of 
data tor Spokane, Washington, had to be eliminated because values 
obrtously were too high. Such an occurrence is most likely the 
product of a malfunctioning recorder. 
A tinal source of el'TOr in insolation data allll one that at 
times can be serious occurs in the method used to reduce the data 
to numerical form from the line traced by the recorder. Figures 
4 and 5 are reproductions of charts similar to those traced at 
Weather Bureau stations. To calculate tile insolation for tmy time 
period on the chart, the area under the curve mst be integrated. 
This is done by eye and involves estimating the mean elevation of 
the insolation curn tor the period in question. Twenty lllinute 
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periods are used at most Weather Bureau stations and the values tor 
these are added together to get the daily total. On an essantially 
clear dq, as shewn in Figure 5-, the estimate should be accurate if 
done with cars. On a day with rapidly fluctuating cloud density, 
Figure -4, the estimation process beoaaes very difficult and uncertain. 
DAILY INSOLATION TRACES FROM EPPLEY PYRHELIOMETER 
··i 
January' 2, 
1-- -"O-
Figure 4• The average cloud cover from sunrise to sunset for this date was 3 tenths, 
Scattered cumulus and al.tocumulus clouds prevailed throughout most of the day, The amount o! 
insolation received !or the day is found by integrating the area under the curve (see text., pp, ). 
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Figure 5. The entire day was perfecUy clear, In both of these figures sunrise is at the 
ext.reme right and sunset at the extreme left, and insolation increases with height. 
~ 
A teat with eight U. s. ~Signal Corps weather ctbael'ftra who had 
considerable experience reducing data from such charts produced daily 
totals that varied as mch as ll percent from those calculated by an 
electronic integrator, though the anrage error for the eight 1118n was 
only 2.6 percent. Probably the IIIDst important thing unconred by the 
test was that 881118 of the 1118n showd a constant bias toward onr or 
under estimation. 
The Weather Bureau's standard sunshine instl'UIII8nt is the 
Hartin sunshine-duration recorder, a the~tric type of instl"lllllent 
in contrut to the buming-glass type CCllllllll)n in moat of the rest of 
the world. Breoks and Brooks (1947, p. 106) provide a succinct de-
scription o~ the instrument. 
"It is based on the differential heating of blackened and 
clear bulbs of an air the:rmoll8ter encl.oeed in a vacu-. These 
bulbs are separated by a colum of mercU1'7 and alcohol that 
closes an electric circuit when solar radiation overheats the 
air in the black bulb and pushes the 1118rcU1'7 along the tube 
far enough to intercept two wires stuck through the glass." 
The record mde by the instrument is traced by a pen on a revolving 
drwa, and operates on the ott-on principle, Eking a trace only when 
sufficient sunshine is present to activate the sensing element. The 
record does not indicate in any way the intensity of sunshine, only 
duration in time. Brooks and Breoks (iJl!sl.) conducted a series of 
testa of the inatnmBnt at Blue Hill Observatory, Massachusetts. The 
following ~~aterial 1a baaed on their report. 
The Karrln recorder is designed to record sunshine for tillles 
with sunshine intensity reng:!ng fl'OIII bright sun to a sun whose disc 
can be jwst faintly seen through obscuring phenoMna. The instrument 
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is difficult to standardise, and a sudden change in record level mq 
acCOilpany- the introduction at a station of a naw instl"Uillllnt. The 
sensing element is affected by both direct and indirect insolation, 
thus the record is not a~ interru.pted by" brief periods of partial 
cloudiness. It -s observed occasional:Q- to operate near midday when 
the sun was behind a thick cloud that covered ~ part of the sk;r. 
This characteristic actual:Q- is not a handicap with respect to the 
instl"IDIIIIInt's val.ll.e in insolation work, eince it should increase the 
correlation with insolation data in collp&l'ison to instrument• that 
are actiT&ted only by direct sunshine. 
The recorder failed to record sunlight when the sun was less 
than se abon the horizon, The Weather Bureau Jllakes thil loss up by" 
adding to the recorded duration an annual average of approxilllatell" 
one hour per day. The low sun elevations of winter were not obserYed 
to have an influence on the general behavior and response of the in-
strument, and did not appear to bave errors due to variations in am-
bient te~~perature. The affect of afternoon connctional haze in caUs-
ing early termillation ot the record was not pronounced. With regard 
to quickness ot response, there was a lag ot about .3 minutes when the 
sun suddenly -s covered or uncovered by a dense cloud, This could 
affect correlations with insolation data recorded by the Eppley-
electronic recorder systea which lras alllost instant respc111se to 
changes in insolation. 
It is difficult to assess the quantitative affect of the in-
herent errors ot the Eppley pyrheli0118ter and Marvin sunshine recorder 
on daill" values of insolation and sunshine. One instrument specialist 
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(eupra., 67 ) hu estimated the Epple7-electronic recorder systea 
providee daily' inaolation values within 5 to lO percent of the true 
value, but this is only' a subjective estimate. In &!IT case, there 
is almost certain to be variation in the accurac7 e! the systea 
!1'0111 etation to etation, and probably' with time at a given station. 
There is no doubt that IID.lch of the variation in insolation that 1! 
unexplained b;y changes in related variable! that will be discuesed 
in later chapters of this stud7 11 the result. of errors in the 
Epple7 eystSil. Even less il known concerning the actual error in 
data gathered b7 the Marvin sunshine recorder. The inabilit7 to 
calibrate each inltrument precisely' the !alliS aa every other very 
like]J' 1a the moat aeri.oue source of error !or a regional at.ud7, 
since it would produce error in 8Uil8hine values between stations. 
Nothing is known concerning the possible lllaglli.tude of this error. 
The problem of data error is, of course, not unique to this stud7. 
Virtually' all climatic studies are handicapped to one degree or 
another b7 uncertainties concerning data. 
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CHAPTER V 
QUA)ITI'l'ATIVI ANALYSIS OF EMPIRICAL RELATIONSHIPS 
OF INSOLATION TO SELECTED CLIMATIC EUMml'TS 
Method and Purpose of Anelnis 
The analysis and discussion of insolation climate to follow 
has a twofold objectin: (1) to present the areal distribution of 
insolation in the Inte:montane region; and (2) to relate this dis-
tribution to quantitative and qualitative environmental factors that 
are believed to influence it. The method of analysis will be pre-
dominant]Jr empirical, that is to say it will depend primari]Jr on re-
lationships and insights gained from observed data rather than on 
.! priori theoretical principles. 
As described earlier (supra., pp.59-66), the data fall into 
two main categories - insolation data and supporting data. Daily 
and monthly insolation values are aT&ilable for 10 stations within 
the study area, and 5 outside, and have been used to establish a base 
for the description of insolation climate. Supporting data, consisting 
of dail7 and monthly values of climatic variables thought to be related 
to the behavior of insolation, have been used to establish relationships 
with insolation by 11111ans of regression and correlation analysis. Valid 
relationships thus established are used to assist in the explanation 
of variations in the insolation data, and also to expand the areal and 
temporal coverage of insolation through addition of estimated insolation 
data to actual data. This last process has been carried further than 
by previous ~estigators by not only using estimated data to expand 
the insolation networlc beyond the lO key stations, but also to !ill 
in !or missing data at the lO stations thereby giving all lO a uni-
form record length. 
It has been shown that the IKlSt significant variables with 
respect to influencing insolation are cloud cover and duration o! sun-
shine, consequently, principal reliance has been placed on these var-
iables in attempting to establish regression relationships. Wherever 
it seemed logical, other variables were added to either sunshine or 
cloud cover and tested !or statistical significance. Hence, both 
simple and multiple regression were per1'ol'lllllld, and in the case of 
the simple regression, linear and curvilinear forms were tested on 
IKlSt cOIIbinations of variables, Direct regression of the type: 
was used in all cases but one. Joint regression of the type: 
(16) 
80 
was tested to determine the joint effect of daily sunshine and cloud 
cover on insolation. Coefficients of correlation (R), of determination 
(a2), and standard errors of estillate (S), and 'IIbera pertinent coef-
ficients of partial correlation (r) were prepared and, as will be eJQ-
plai ned below, are the chief statistics for comparing regression re-
lationships. 
Formlas and procedures for calculating regreHion and correla-
tion statistics are based on those given by Ezekiel and Fox (l9S9). 
Their system of regression and correlation s;ymbols has been followed 
throughout. As an example of the use of the symbols, the regression 
relationship for the simple linear case with sunshine as the inde-
pendent variable is expressed: 
(17) 
This could also read: 
Q,_/~ = a + bSr (ll) 
The correlation statistics for this relationship are R1.2• Hi.2, and 
s1 •2• The addition of another independent variable, sa;y cloud cover, 
x.3• would be stated: 
(18) 
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and the symbols for the correlation statistics would be changed acco:rd-
ing].y. Ezekiel and Fox's practice of using R for the whole correlation 
coefficient of the samnles, and r for partial coefficients is followed. 
It will be noted that the dependent variable ~ used throughout 
is Q,j~, rather than Qa• This follows the custom of most investigators, 
who, though they might write their final expression in the form: 
(19) 
actually established the relationship in the form of equstion (ll). The 
purpose of this is to simplify the relationship by eliminating seasonal 
variations of ~ due entirely to aatronomical factors such as the chang-
ing length of day and zenith angle of the sun. If Qa were used as the 
dependent variable, a complicated factor to allow for the seasonal change 
o.f ~ would have to be added to the relationship. It can be seen that 
Qa/Qe is a ratio, with a possible raD88 from 0.000 to 1.000. However, 
the integrated daily value in the latitudes covered by this study never 
f'alls to aero, though it may drop below 0.100 f'or a day of' thick, 
solid overcast clouds, and, because of' scattering and absorption b:y 
atmospheric gases, will never reach 1.000, even on perf'ectly clear 
daya, maxiDIUIII values f'or most stations exceeding 0.800 onl:y slightly. 
Though it is a ratio, it has been treated as a whole number in the cal-
culations and is so listed in all of' the tables and on all of' the dia-
grams. It should be remembered that a daily~~ valus of' 682, for 
example, actuall:y should read 0.682 and means that on that particular 
day, 68.2 percent of' the solar energy available at the outer limits of' 
the atmosphere vas measured as insolation at the aurf'ace of' the earth. 
Bef'ore proceeding to the anal:ysia, the validity of' appl:ying re-
gression and correlation anal:ysis to the data used in the study should 
be discussed. The type of' correlation anal:yses used is based on samp-
ling theory f'or normal populations. As in most climatic research, the 
f'requency distribution of' data in this study do not alvaya approximate 
no:rmality, in fact, skewness of vaey:l.ng degrees of extremity is more 
often than not a characteristic of insolation, 81Ulshine • and cloud 
cover data. This is particularly true of daily data grouped in monthl:y 
samples (e.g., see the distribution of' sunshine and insolation values 
plotted in Figure .6 ) • The distribution of monthl:y data ued in this 
study is usuall:y close to being normal. In view of the skewness of much 
of the data, how misleading are correlation statistics apt to be, and 
how valid would be significance tests of these coef'ficients? Fort\Ul&tely, 
a paper has been published recently that indicates that within the lillits 
of accuracy of' most climatic studies, and certainl:y this one, non-normalcy 
does not vitiate the use of correlation based on sampling 
theory of normal populations (McDonald, 1957.) 'l'his conclusion takes 
into consideration the nature of the accuracy of clilu.tic data and the 
rather broad inferences cliuatologists ua'llall;y wish to draw from cor-
relation analysis. To support his conclusion, he cites two early 
studies b.1 statisticians of the affects of non-normalcy on certain 
statistics to show that even rather extreme skewness may not alter 
to any great extent the 11111aning of corr.lation statistics (~ •• 
PP• 4-6). 
A related problem concerns the degree of sophistication to 
be used in testing for significance of correlation statistics and in 
placing ccntidence limits on a given statistic. With regard to the 
former, McDonald, with the following statement, rules out the necessity 
of this in most climatic work (!2!!!•• p. l2): 
"The writer' a conclusion is that the once c011111011ly used 
rule of requiring r to exceed twice its standard. error in 
ord.er for r to be regarded as 'significant' (at the 90-95 
percent level) should never have been abandoned and should 
be restored to good standing. Only in occasional cases where 
one feels that he has real basis for trying to draw an un-
usually refined inference !rom a quite -u ll&lllple need one 
resort to a t-test.• 
In establishing ccn!id.ence limits, one may apply Fisher's z-transfol'lll-
ation to values of r to permit est.abllshlllllnt of confidence limits for 
r that have real meaning even though the original data are not dis-
tributed normally. McDonald argues that this more complicated pro-
cedure is not necessary in the treatment of climstic data and that 
the use of the standard. error of r to compute confidence limits is valid. 
He had this to aa;:r (!B!!!., P• 1.3): 
"It is evident ••• that using plus and minus twice the 
standard error of r (strictly speaking one should use 
1.96 times the standard error, but such a two percent 
refinement is no 1110re materially important than the other 
refinements here under discussion) yields estimates of 
the 95 percent confidence l.illlits that are ••• close enough 
to those dltained by using Fisher's z-transformation that 
geophysical inferences will never be seriously distorted 
by the discrepancy.• 
In general, McDonald 1 s advice has been followed in the analysis 
of data for this study. Actually, since aample sbes are almost always 
large, usually exceeding 100 cases or JDOre, and correlations are so 
high, little vas to be gained by dete:nn1n1ng significance levels or 
confidence l.illlits in judging individual correlations. Where 1110re than 
one regression and correlation were COlJIP&rlld, it vas done silllply on 
the basis of the relative sizes of correlation coefficients and stand-
ard errors of estimate. In all cases, the final test of the usefull-
ness of regressions consisted of their relative success in estimating 
data. 
Statistical Testing of !mpirical Bel&tions of D&i1t rnsolation Climate 
to D&il.y Values of Selected Climatic Elements 
Most past investigations of insolation have been l.illlited to the 
use of JDOnthly values of both insolation and related variables, usually 
because 1110nthly data were the only type available to the researcher. 
In other instances, the sheer mass of data involved in handl i ng daily 
records of extended periods for several stations precluded their use 
without being summarized on a monthly basis. Where the principal goal 
has been the establishlllent of empirical expressions relating insolation 
and other climatic elements, this dependence on JDOnthly data has not 
always been satisfactory. Several individuals have pointed. out that 
the use of regression equations derived from monthly data is hampered 
by virtue of the restricted r&~~ge of the variables, poesibly requir-
ing extrapolation of regression CUl"''es be;yond data limits (always a 
risq business). For this reason, and because the da;r-b;r-da;r change 
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of insolation and its auociation with other variables is more meaning-
ful to a proper description of insolation climete, daily data for the 
lO selected stations are used. 
The first task perfol"'llllld was the testing for different types 
of relations with several combinations of variables. Because of the 
huge &IIIOWit of data involved, this testing was limited to three of the 
lO insolation stations. These were Spokane, with 2,642 daily insol-
ation values available for the ll-year period-of-record; Ely, with 
.3,.3.36 daily values for the period; and Albuquerque, with .3,825 values. 
Complete records with no days of insolation missing would have totaled 
4,015 days for each station. 'J.'he records for all three stations began 
in 1950, with that of Albuquerque being continuous to the end except 
for 190 mining days when the recorder apparently was inoperative or 
defective. The Ely record was also fairly continuous except for Oct-
ober l95l through July 1952 when no measurements were made. Spokane, 
on the other band, had .34 IIIDilths withollt data, including a long contin-
uous stretch !rca October 1952 through August 1954. Sunshine and cloud 
cover data were available !or all day& for the entire period at all 
three stations. 
Simple linear and curvilinear regreuion with sunshi1111 and 
cloud cover 
Simple linear and curvilinear regression of insolation with 
first sunshine then cloud cover were attempted. As suggested by the 
work of Mateer (1955) and Black (1956) the !onn of curvilinear re-
gression tested was the parabolic, which in the case of sunshine as 
the independent variable takes the fol'll: 
(20) 
Wherever curvilinear regression is lllltntioned throughout the remainder 
of the dissertation, this is the relationship referred to. For s11 
three test stations, linear and curviliJiear regression was worked out 
for each month of the year using the entire period of record as a base; 
in other words, all January days, 195o-1960 were considered together 
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and the regreB&ion established, then all February daye, and through the 
remaining months of the year. In addition to the regression coefficients, 
the correlation statistics R, ~, and S were determined for each monthly 
calculation. Statistics for the insolation-sunsh:lne regressions are 
shown in Tables IX, X, and XI; the insolation cloud cover regression in 
Tables XII, XIII, and XIV. Scatter dia.grams for a selected few of the 
relationships are shown in Figures 6 to 11 • 
A caaparison of the correlation statistics in Tables IX to XIV 
shows that invariably sunshine provides a somewhat closer association 
than does cloud cover, and that the curvi.linsar rona is generally slight-
ly better than the linear for cloud CO'Ier and provides almost no improve-
ment at s1l for sunshine. The statistics for the entire period-of-
record, identified under the IJI)!lthly columns by the word "Year" in the 
tables, can be cited to illustrate these observations. In comparing 
the linear sunshine regression with that or linear cloud cover, note 
that R values tor the sunshine relationship for the three stations, 
TABLE IX 
.AI.BlJQUERQIII, 195(>-60 
RmBBSSiaf AIUJ COBRELATita STATISTICS lOB. .I.lliEAB. AND CUB.YILDIE&a 
(PARABOLIC) IIDlRBSSIQI WI'IH DAILI VALUJ!S OF «./«. MID S,. 
~~J~D!!E 
Koatll D li, "'~ "1.2 lit& b2 11..2 a...2 "l.2D 'l.2D ~ I\.2D ~.2D 
af.2 
.... 
af.2D 'Z1lJXJ b,. 
IOD Jor. n 682 326 828 5.01.6 57 .94S 266 806 8.661 so ,9sa 
.893 
- .03289 .919 
Fob 27S 73 693 307 837 s.298 ss .948 2SO 820 8.414 so .9S7 
.899 
- .02721 .91.6 
-
298 7S 697 326 819 4.938 lOJ .803 300 814 6.lOS 103 .SOl, 
.645 
- .00966 .646 
Apr 317 78 722 338 832 4.9)2 62 .890 282 822 7o1SO 6l .894 
.792 
- ,Ol?S3 .799 
llq 330 78 m 336 81.6 4·794 S7 .876 336 81.6 4.808 S7 .876 
.767 
- .00010 .767 
111D 322 as 733 330 80S 4.7S4 4S .895 285 802 6.1S5 44 .896 
.802 
- .00990 ,802 
lul 329 7S 697 391 80l 4.107 48 .8S2 382 799 4-376 49 .852 
.726 - .00200 .726 
AD& 329 76 704 410 797 3.874 4S .858 279 783 7.962 44 ,867 
.7)6 - .02921. .7S5 
Sop 325 85 732 300 809 5.091 4l .944 214 798 8.?22 36 .9SS 
.892 - .0287) .914 
Oct 333 81 71S 335 804 4.695 S6 .917 266 794 8.019 S3 .927 
·841 - .02739 .859 
... 325 82 ru 320 802 4.819 S5 .924 2S7 791 8.0)7 52 .934 
.8S4 
- .02489 .872 
Doc 338 7S 696 360 810 4.S02 62 .916 310 795. 7.532 sa .927 
·840 - ,02678 ,860 
tear .3.82~ 78 708 338 814 4o7S2 60 .900 281 802 7.289 sa .907 
.811 
- .02077 .~ 
~ 
TABlE X 
ELY, 19~ 
RDJRESSIQI AND CORBELATICII STATISTICS FOR LINEAR AND CURVILINEAR 
(PARA!klLIC) REXlllESSIQI WITH DAILY VALUES OF fla/"a AND Sr 
L1near Curviliile&r 
llmth n s. 
"-'"-
81.2 IJ..2 .2 51.2 li..2 "J..a. IJ..a. .2 ~.... li..a. 
when 2 
-
XflOO a1.2 XflOO • af.a. !I 
Jan 185 60 616 347 798 4.510 84 .870 332 787 5.551 83 .872 
.758 - .01007 .761 
Feb 214 66 654 327 821 4-937 84 .877 321 818 5.268 84 .877 
.?69 - .00293 .769 
liar 264 73 685 297 828 5-314 78 .887 215 824 6.215 78 .888 
.787 - .00730 .?88 
Apr 251 70 668 302 828 5.261 66 
·914 273 819 6.569 65 .916 
.8)6 
- .01108 .839 
Hq 269 69 648 305 800 4-954 96 .819 276 792 6.206 96 .821 
.671 - .01047 .674 
Jw 260 83 701 292 786 4-940 76 .827 316 789 4.000 76 .828 
.684 .00728 .685 
Ju1 332 77 658 26(,• 773 5.071 73 .846 318 778 ).289 72 .847 
.716 .01)15 .?18 
... 334 82 695 295 785 4.901 64 .846 263 782 5.917 64 .847 
.716 - .00790 .717 
Sop 322 80 701 307 798 4.908 53 .926 269 794 6.669 62 .896 
.857 -.01227 .803 
Oct 304 78 692 356 783 4.278 67 .881 299 773 7.156 64 .892 
.m - .02410 .795 
NOT 298 73 657 342 776 4·347 81 .872 331 773 5.037 81 .873 
.761 - .00617 .763 
Doc 304 68 638 341 778 4.370 86 .869 296 758 7.423 81 .88) 
.?54 - .02800 .780 
Year 3,337 74 670 323 792 4.686 77 .868 304 787 5.611 77 .869 
·153 - .00778 .755 
~ 
TABLE n 
SIUAIIB, 1950-60 
ll!lliiiSSION .A11D CCIUIBLI.TICII STATISTICS Fal LiliEAil AIID CUll't'Il.DIBAil 
(PARABOliC) Rl!lliiESSIOII wrrH DULY VALUBS OP <lafQ, .A11D l!r 
Ul!!!:£ Currllin-
Month n s. 
""" 
"1.2 Xi.2 b2 81.2 ~.2 "J..:za ll.:za "2 S:J..:za ~.:Ia 
- af.2 - af.:za Xfi.OO :~ji.OO bQ 
J&D 163 25 lo34 298 846 s.w ll6 .sso 288 808 7.558 us .SS4 
.722 
- .02)54 • 7:lO 
Fob 165 33 486 3lS 837 s • .w. 93 .882 300 784 7.290 91 .888 
.m 
- .02455 ·789 
..... :IDS 52 548 306 770 4.633 us .789 313 m 4,1'1) us .749 
.62) 
.00472 .s6l 
Apr 226 65 6CS 269 783 s.lJ9 7C ·914 284 789 4o372 lll .?65 
.835 ,00680 .sss 
Mq 2lS 62 590 266 785 s.196 76 .906 246 774 6,)44 76 .908 
.821 
- .01.068 .824 
-
222 64 596 267 789 5.423 65 .932 2l7 712 7.)00 64 .9)6 
.869 
- .01748 .876 
Jul 26C 83 683 :l08 761 4-536 46 .916 251 756 6.6)6 45 .919 
.8)8 
- .01593 .845 
ADa 274 79 657 29C 752 4.62l 6C .900 252 745 6.514 59 .91D 
,822 
- .01S84 ·829 
Sop 254 69 6C6 277 751 4o745 6l .m 238 737 ?.l29 59 .939 
.S?C 
- ,02J.43 .882 
Oct. 235 4l 454 263 751 5.o8l 91 .898 2lO 695 8.7)4 84 .916 
.807 
- .03883 .8)8 
.... 22l 33 426 263 753 4.901 us .844 239 694 8.644 uo .86l 
.?l2 
- .w.oaa .?u 
Doc :102 l8 331 260 710 5.)05 101 .842 232 7lJ 7.494 1.00 .848 
.709 
- .02684 .7l9 
I ear 2,642 55 545 2'1) 770 4.970 88 .906 255 752 6.744 86 .909 
,8:10 
- ,01714 
·827 
~ 
TABLE XII 
USIQ•QUI, 1950-60 
R!Gllm3SICII AIID CaumLA.'fiON STATISTICS Fal LDIEAil AID CURVll.IN&lll 
(PAIWIOLIC) IIDBSSI<II Witll D.ULI VALUES 01' Q /Q AID C 
• • d 
Linoar Cuml:l !!!II" 
llont.b D ll'd ~ •1.3 XJ.., "3 ~., ~., "l..)T ~ b' 91,)Y "J.,)Y ..... ~·2 ~.)T ~=lC x,=10 b • 
Jan 
""' 
4·8 682 SS2 498 -)5.4) w -.153 8CO 436 14.49 1<». ,SOJ 
.S68 
- 5.084 .646 
Fob 275 4.7 69) 868 499 -36.87 lll -.767 819 4)5 8.)2 lC2 ,8C6 
.588 
- 4.674 .650 
..... 298 4.7 697 85) 52C -33.33 126 -.683 808 454 8.79 119 .726 
.467 - 4.412 .527 
.Apr 317 4·5 722 858 554 -30 • .45 90 -.749 790 4)5 33.30 63 .886 
.561 - 6.88) .785 
llaF 330 4·3 711 838 549 -28.93 75 -.770 815 513 -13.50 74 .78C 
.593 - 1.666 .608 
""" 
332 2.9 733 815 531 -211.4C 57 -.819 803 491 -14.64 56 ,8)0 
.671 - 1.662 .689 
Jul )29 4·3 697 813 544 -26.94 60 -.754 826 484 43.74 50 .844 
.584 - 1.<».5 .712 
.lu& 329 4.0 7ar. 8C6 551 -25.5:3 55 -.78C 785 506 - 9.68 54 .793 
.608 
- 1.821 .629 
Sop 325 2.5 7)2 816 483 -33.35 71 -.822 793 387 2.)9 62 .865 
.675 
- 4·:30/o .749 
Oct 3)3 3.1 715 818 485 -3).25 86 -.795 785 427 5.29 86 .795 
.632 
- 4.112 .632 
-
)25 ).1 ru 816 483 -33.31 88 -.793 796 423 - 3.88 83 .819 
.629 
- 3.344 .671 
Doc 3)8 4.1 696 837 495 -)4.19 97 -. 7111, 797 4)3 6.32 88 ,826 
.614 - 4.27) ,682 
Yoar J,82S 3.9 708 830 517 -31.)6 90 -.759 799 455 - 0.517 Ill, .m 
.576 
- 3.388 .626 
"' 0 
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TABLE XIII 
ELY, 1950-60 
RIDRESSION AND CORRELATION STATISTICS FOR LINEAR 
RroRF..SSION WITH DAILY VALUES OF Q/~ AND Cd 
cd ~~~ Month n a1,3 XJ..3 b3 s R 1.3 1.3 
when 
XJ10 Rf.3 
Jan 185 6.8 616 871 496 -37.51 117 -.726 
.527 
Feb 214 6.4 654 899 514 -38.48 112 -.768 
.589 
Mar 264 5.6 685 887 526 -36.09 100 -.803 
.644 
Apr 251 6.1 668 904 517 -38.69 103 -.773 
.598 
May 269 5.9 648 864 500 -36.45 119 -.705 
·497 
Jun 260 3.8 701 836 479 -.35. 72 72 -.846 
.716 
Jul 332 4o2 658 821 434 -38.74 66 -.872 
.761 
Aug 334 3.6 695 814 482 -33.22 70 -.810 
.656 
Sep 322 3.3 701 821 458 -36.24 75 -.846 
.716 
Oct 304 3.8 692 803 511 -29.19 94 -.752 
.566 
Nov 298 5.0 657 815 499 -31.65 114 -.729 
.531 
Dec 304 5.6 638 828 492 -33.60 119 -.726 
.526 
Year 3,.337 4·9 670 832 499 -33.28 100 -.765 
.585 
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TABLE XIV 
SPaWIII, 1950-60 
ll!lllll!SSIQI AliD CORRI!LATIQI STATISTICS Pill LliiEAII A1iD CURVILINEAR 
(PAIWIOLIC) ll!lllll!SSIQI WI'II! DAilY V.U.UJ!S OF 'lafQ, AND c4 
Curri~y: 
Kantb n c4 ~ "l..) X1.) b) ~-3 II:J..) "l..)T X' b s a 1.)T 3 l.)Y l.jy 
.., .. ~-3 xf'18 x=lO b tq_'ly y 
JIID 1.6) 8.1 U4 8'15 331 -54·41 133 -.m 791 )C8 20.35 124 .828 
.634 - 6.869 .686 
l'ob 165 8.1 486 912 )88 -52.1,2 l3C -.749 755 363 27.48 l2l .789 
.561 - 6.67) -~ 
K&r 205 7.8 S48 956 429 -S2.66 127 -.7)6 786 397 19.72 120 .m 
·542 - 5.861 .59) 
Apr 226 6.6 6C5 873 466 -40.69 108 -.777 785 417 15.69 96 .827 
.604 
- S.2SC .6&, 
llq 215 6.6 S9C 879 443 -4).58 124 -.728 743 39C 25.22 113 .700 
.S:JO 
- 6.049 .609 
""" 
222 6.2 S97 884 419 -46.51 lOS -.81.5 862 4J.l -)5.42 l04 .818 
.664 
-
.967 .668 
Jul. 26C ).2 683 775 485 -28.97 67 -.004 7Sl 479 .845 61 .841 
.646 
- ).564 .708 
... 274 3.7 657 785 437 -34.81 83 -.81) 745 451 13.54 73 .sse 
.661 
- 4.291. .7)6 
Sep 254 4·7 6C6 777 416 -)6.ll 1C2 -.802 731 342 l6.6C 88 .859 
.64) - s.ssJ .7)8 
Oct :!JS 7.2 454 815 319 -49.58 133 -.768 696 282 22.26 l2C .817 
.s9C - 6.)71 .668 
HOY 221 7.4 426 798 298 -SC.02 136 -.m 68) 259 29.68 121 .827 
.s98 - 7.209 .685 
Doc 202 8.8 331 810 275 -53.52 132 -.no 670 258 )1.:!) 124 -752 
.SQ4 - 7.2)6 .566 
lev 2,642 6.) 545 829 381 -44.85 128 -.785 743 334 19.19 ll4 .8)) 
.616 - 6.00'/ .694 
• 
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Figure 6. ~~~ though expressed as a whole number, is a ratio, 
with 1000 actually representing 1.000. Sr is percent ot possible 
sunshine. Correlation coefficients (R) for the regression lines are: 
linear, 0.895; parabolic, 0.896. The distril:utions ot ~Qa and Sr 
are skewed toward large values due to the high frequency ot clear and 
scattered Sky cover. 
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Figure 7. Correlation coefficients (R) for the regression lines 
are: linear, 0.916; parabolic, 0,927. 
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Figure 8, Correlation coefficients (R) for the regression lines 
are: linear, 0,914; parabolic, 0.916. 
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Figure 9. Correlation coefficients (R) for the regression lines 
are: linear, 0.916; parabolic, 0.919. 
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Figure 10. Correlation coefficients (R) for the regression lines 
are: linear, 0.842; parabolic, 0,848. Tha distribution of both Qa/~ 
and Sr are highly skewed toward low values due to the high incidEDce 
of overcast and broken skies. 
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Figure ll. Cd is expressed in tEnths of total Bky covered with 
clouds. Correlation coefficients (R) for the regression lines are: 
linear, -0.804; parabolic, 0.841. 
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Albuquerque, ~. and Spokane1, are .900, .868, and .906, whereas 
the values for cloud cover are -.759, -.765, and -.785. The minus 
signa in front of the cloud cover R1s mean, of course, that there 
is an im"erse relationship between inaolation and cloud cover. The 
coefficient of determination, 7#-, which gives the percent of var-
2 iance (S ) of the dependent variable :x:1 about the regression line 
99 
explained by variations in the independent variable, show even greater 
differences between the sunshine and cloud cover regressions. 2 Only 
some 58, 58, and 62 percent of the variance is explained by cloud cover, 
whereas 8l, 751 and 82 percent is expl•i ned by sunshine. The standard 
error of estimate, a measure in units of the dependent variable of the 
average discrepancy between the observations and the fitted line, shows 
silllilar di.t.terences. As81.1111ing that the distribution of values about the 
regression line is approximately nol'lllal, and several spot checks of 
monthly and yearly regressions have shown it is nearly so, two-thirds 
of the daily~~ n.J.ues for the sunshine regression lie within 60, 
77, and 88 ~~ units of the line, while the spread tram the line for 
two-thirds of the values in the cloud cover regression is greater, 
amo1111ting to 90, 100, and l28. If translated into estimates of ~. one 
sunshine regression standard error o.t estimate for a mid-December day 
at~ would amount to approximately 25 ly COJRpared to the mean~ for 
~encefCIIl'th, when statistics for the three stations are cited 
they will a.hraya be given in the order: Albuquerque, ~. and Spokane. 
2An II?- value of .820 for the linear sunshine regression would 
indicate that variations in s1111shins explain 82 percent of the variance 
of insolation fl"'Ol the regression line. 
all Decl!lllber days of 215 ly, which means an error of approxi.m&tely 
12 percent or lese for two-thirds of the estimated values; and for 
a mid-June clay, 78 ly with a mean ~ for all June days of 704 ly, or 
an average error for two-thirds of the cases of about ll percent or 
lees. For cloud cover regression the respective standard errore in 
~ terme would be 34 and 101 ly, and the average errors tr0111 the 
mean ~'s, 16 and l4 percent. These are only approximations, but 
they shaw that sunshine is a little better than cloud cover in pre-
dicting ~ and that there is little difference in either caee between 
winter and 81laler. 
Examination of the correlation atatistics for the different 
months of the year reveals no really well-established .seasonal trends. 
R values for Albllquerque are slightly lower in the SUIIIII8r halt of the 
year than in the winter halt, while at Spokane the tendency is re-
versed, and at Jny there seeme to be no genuinely consistent pattern 
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of seasonal differences. The variation of R from s~r to winter at 
both Alblquerque and Spokane is considerably larger than any con-
fidence limits for the coefficients would be, considering the large 
s8111ple sises, thue the variations 11111Bt be assumed real. The seasonal 
variations of R possibly can be uplained in the following lllailller. At 
northern stations during .Lnter the characteristic feature of daily 
sunshine frequency ia the large number of days with no sunshine. Be-
cause of a large number of such dqs predominant, and consequently sun-
shine largely held constant, a large amount of the day-by-day nuctua-
tion of Qa,/Qe will be due to cloud density and other factors not assoc-
iated with changes in sunshine, hence the correlations with sunshine 
will be relative:cy- low, For southern stations the sa.me type of thing 
happens but in el11111118r, as a result of the predominance of days with 
100 percent slDlshine. In this case, 11111Ch of the variation in ~~ 
is beyond the control of the slUlehine variable and due to phenomena 
lOl 
such as dust and water vapor. The Phoenix R and Sr values in Table XV 
illustrate this point very well, with coefficients running consistent:cy-
low in sUDDer, which at Phoenix is a period with more than 90 percent 
of the days receiving 100 sunshine. Also, note that though the sUIIIIII8r 
R1e are lllll&ller, the S values are also smaller, so despite the fact that 
the insolation-slDlllhine relationship is not quite as close in sUIIIIIIer as 
in winter it does a better job of eetiBI&ting during the sWIBISr. In 
other words, insolation varies lese from day to d~ during sUDDer at 
these southern stations, but less of the variation is explained by 
slDlshine. For the northern stations, the reverse is the case and law 
seasonal values or R are accompanied by large values or s. Apparently 
the extra-sunshine factors responsible for a large share of the variance 
or Q./~ in winter at northern stations have a greater affect than those 
in ~r for southern stations. 
Addition of a quadratic term to the insolation-sunshine regression 
im.pl'Cifte the relationship only slightly in comparison with linear re-
gression. Almost all the curvilinear correlation coefficients are 
larger than the linear, but generall.J" only in the third digit and thus 
of no real significance, The "year" curYilinear !!• linear comparison 
for the 3 stations are: ,909 and .906; .869 and .868; .907 and .900. 
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TABLE XV 
PHOENIX, 195o-60 
ROORESSION AND CORRELATI<Ji STATISTICS FOR LINEAR 
ROORESSION WITH DAILY VALUES OF Q/Q8 AND Sr 
Month n sr ~lo.., a1.2 XI.2 b2 ~.2 ~.2 
when R2 X=lOO 2 1.2 
Jan .304 85 644 154 7.32 5.787 95 .842 
.709 
Feb 251 88 688 7.3 770 6.970 .858 
.7.36 
Mar 275 708 15.3 775 6.225 75 .852 
.726 
Apr 299 91 722 164 775 6.lll 65 .837 
.701 
Ka7 .3.37 95 745 .308 768 4.595 .39 .684 
.469 
Jun 293 96 7.3.3 175 757 5.816 47 .770 
.593 
Jul .3.34 89 664 195 719 5.245 64 .796 
.634 
Aug .329 91 667 203 716 5.124 .771 
.594 
Sep .325 96 713 125 740 6.152 51 .791 
.626 
Oct .328 92 696 157 742 5.847 66 .827 
.684 
Nn .319 90 679 199 732 5.327 71 .8,32 
.692 
Dec 3.3.3 85 170 7.30 5.606 78 .876 
.767 
I ear 3,727 91 692 16.3 746 5.8,34 71 .829 
.687 
Year~ statistics !or other stations are equa~ as close, aDd there 
is virtual.ly' no difference aoong ailT or the month~ statistics !or 
the two forms or regression. It is obvious that !or sunshine at 
least, the curved relationship has no real 1118aning !or the data 
treated here. This can also be seen b;r COJIIP81"ing the linear and 
parabolic curves in Figures 6 to 10. 
The relationship between Qa/~ and ~ is illlprond saaewbat 
1110re than that between Qa/~ and Sr by the addition or a quadratic 
term. The :year~ curvilinear and linear R's !or Albuquerque aDd 
Spokane, the on~ two stations !or which the curvilinear Qa/~ - Cd 
regression vas determined (Tables XII and XIV) are .8.3.3 vs. -.785 and 
10.3 
• 791 vs. -. 759; and the S values are 114 vs. 128 and 84 vs. 90 (see 
also Figure 11). This constitutes real improveant, particular~ in 
view or the very narrow confidence lilllits !or coefficients based, as 
these are, on 3,825 and 2,642 cases respective~. Howevv, it is not 
or such a large order as to compel the selecticn or the parabolic over 
the simpler linear, particular~ it large quantities or estimated in-
solation values IIIUst be calculated in the application or the equations. 
The !or~~ o! the parabolic curve is such as to indicate a decrease 
in the rate or growth or Qa/~ with decreasing cloud cover (see Figure 11). 
There is a logical explanation based en the prevailing physical character 
or clouds with different degree~ or sky cover. As sky cover decreases, 
the density and particularly the thickness or the clouds also decreases. 
Thus, the p:yrheli011111ter not ~ receives an increasing amount or radia-
tion because the solar beam hits it direct~ more often than with higher 
cloud cover velues, but it receives an added increment due to 
the thinner clouds. Furthermore, the total reflection of rad-
iation towarci the ground from the sides of clouds is greater with 
med.iwn and lllll&ll sky cover than with near overcast conditions. 
Both of these conciitions tend to cause a rapid push of insolation 
towarci the •exi•m• possible long before clear sk;y conditions are 
reached. Since the near ma.Yimnm level has been reached with meciiwn 
sky cover, there can only be a slow increase through the range of 
small cloud cover values to clear sk;y. This leveling off of the 
curve as clear sky is neared very likely ie assisted also by a non-
linear decrease in cloud reflection with very low cloud cover amounts. 
Multiple and .1oint regression with supshine and cloud cover 
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In the previous discussion, sunshine and cloud cover were con-
sidered separately with regarci to their influence on insolation. How-
ever, at various times while working with the data, it seemeci there 
might be a combined. effect of the tw variables on insolation. For 
eXIIII!ple, when cloud cover was reported with 100 percent sunshine the 
insolation totals often were lllll&ller than when lOO percent sunshine 
was reported. with perfectly clear sk;y. Even at lesser amounts of 
sunshine, insolation seemed lllll&ller when 1110re clouds were reported.. 
This ill probably explained by the occurrence of thin clouds that per-
mit passage of enough light to activate the sunshine recorcier but 
which absorb and scatter back to space enough raciiant energy to give 
lower reacl.inga by the pyrheliometer. 
The collb:l.ned affect of sunshine and cloud cover can be seen 
in Tables XVI and XVII, and Figures l2 and ]J. The two tables, which 
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TABLE XVI 
DAILY ~~~ AS A PIINCTIOO OF CLOUD COVJ!B AND SUNSHINE* 
ALBUQUERQUE (19SQ-1960) 
Percent ot Posaible Sunshine 
Cloud 00 10 20 30 40 so 60 70 80 90 100 All 
Coftl' to to to to to to to to to to Dq8 
'te!!Y!•l ...Q.L ...!L ...&_. .....l2..... ..JfL ..22. .M. ..12 ~ ....22 
Keen~~ 
10 270 393 4S4 soo S32 Sl7 607 S88 6Y6 712 (7S4)** 421 
09 334 389 446 502 S2S 601 628 650 684 767 (742) SJl 
08 332 446 469 S30 567 617 6S4 677 692 7S3 (788) 609 
07 (432) (424) S06 Sl7 SS8 631 660 688 74S 767 780 6S2 
06 (480) S39 S93 616 664 696 733 7S9 784 67S 
OS (S50) (601) 610 646 6S2 717 7Sl 76S 784 703 
04 (660) 662 691 719 742 778 793 736 
03 (666) 699 69S 121 7Sl 778 791 7S2 
02 7S6 770 784 798 779 
01 738 779 792 800 792 
00 19S 794 808 806 
All Dq8 287 401 460 Sl7 SS8 623 660 706 7S3 782 804 
• Baaecl CD the entire 19So-60 record. ot 31 82S d&JII• 
** 
Veluea in parentheses are calculatecl trom len than 10 d&JII• 
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TABLE XVII 
DAILY Q,./Q,. AS A FUNCTICti OF CLOtlD COVER AND SUNSHINE* 
SIUANE (l950-l960) 
Percent ol Poss~ble Sunahine 
Cloud 00 lO 20 30 40 50 60 70 eo 90 lOO All 
Caver to to to to to to to to to to Dqa 
'tenthsl ....Q2 ...!2 A... ...lL ..ltL _j2 ...22._ 2L ....!lL ..2L 
·xeon Q,./Q,. 
lO 268 388 430 426 49l 536 556 606 (750)** (685) (497) 322 
09 362 378 432 432 525 527 576 620 683 69l (7l4) 482 
08 447 456 455 475 532 569 592 638 674 694 (7l8) 557 
07 420 538 526 538 573 604 67l 706 722 (688) 600 
06 (484) 65l 50l 6U 626 644 704 740 649 
05 (465) 628 634 658 696 703 727 690 689 
04 (59l) 69l 66l 697 733 746 720 716 
03 667 683 687 704 747 748 72l 
02 667 730 737 770 74l 
Ol (623) (622) 736 745 757 747 
00 (733) 747 755 754 
All Jla78 277 39l 443 459 527 569 613 662 710 738 754 
* 
Saeed Clll the entire l95o-60 record ot 2,642 da78o 
** Values in parentheses are calculated tra11 less than lO days, 
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Albuquerque, 1950 - 1960 (All Montho) 
The Affect of Cloud Cover on Oa/Oe when Sunshine is Held 
in 10" Class Intervals 
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Figure 12. The solid lines are based on the Qa/Q.e values 
listed in the vertical Percent at Possible Sunshine columns in 
Table XVI. The dashed lines are approximate best-tit lines that 
were drawn by eye and are intended to show the average slope o! 
the solid lines. The fact that they are !lattest for the high 
sunshine percentage class intervals indicates changing cloud 
cover has less af!ect on Qw'~ 'When sunshine percentages are high 
than when they are low. 
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SPOKANE, 1950 - 1960 (All Month•) 
The Affect of Cloud Cover on Oa/Oe when Sunshine is held 
within 10% Class Intervals 
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Figure 13o The dashed lines in this diagram have no maaning 
other than to assist in distinguishing the lines from one another. 
are based on all of the daily values of insolation for Albuquerque 
and Spokane, show the mean daily Qaf~ values fa.ll:ing in cross 
groups of Sr and Cd. For example, the Qaf~ value in the extreme 
upper left corner of Table XVI shows that the 11111an of all Qaf~ 
values observed with 10/lOth cloud cover and 0 to 9 percent sun-
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shine is 270. It is apparent from an examination of the values in each 
sunshine col111111 that increasing cloud cover causes a fall-off of Qaf~ 
even though the sunshine remains within the same narrow range. Part-
icularly meaningful is the fact that, to take an example from the 
Albuquerque table, the 1, 2, and .3 tenths cloud cover groups under 
7o-79 percent siiDshine have higher Qaf~ values (7.38, 756, and 721) 
than the 8, 9, and 10 tenths groups under Bo-90 percent sunshine. Fig-
ures 12 and 1.3 are based on the tables, tlwrefore show essentially the 
same thing. However, they bring out another aspect of the relationship, 
which is that cloud cover has less affect when sunshine percentages are 
high than when they are low. This is evident from the greater flatness 
of the high percentage S class intert'al curves than of the low percent-
r . 
age curves. Note in Figure 12, for instance, that there is a small in-
crease in Qaf~ from 7 to .3 tenths <;t for the 100 percent sunshine line 
in ccmparison to the increase with the 8&11111 <;t change for the f/J-69 
percent line (line 6 in the figure). This is most likely the result 
of the lower avel'&ie densities of clouds occurring with high sun-
shine percentages, than with low sunshine percentages. The fo:naer 
clouds are apt to be thin cirrus- or alto-.bm clouds and thus produce 
only 11111&11 changes in ~/Qe with changing cloud amount; whereas, the 
uo 
latter are likel;r to be thicker cloud t:ypes and produce more variation 
in ~~~ with a given change in cloud amount. 
The obvious existence of a cc:mbined influence of sunshine and 
cloud cover on insolation prompted en iDYestigation to determine whether 
it could be tumed to value in estimating daily insolation. To be of 
any practical worth the method plainly would have to improve the pre-
diction of ~Qe considerably over the relativel;r accurate estimates 
obtainable from linear or parabolic sunshine regression. It was de-
cided to test the efficacy of the combined relationship on a random 
sample of 300 days stratified b;y IIIDilths (25 days drawn at random for 
each IIOJlth of the year for the period 1950-60) for Albuquerque. 
Albuquerque was chosen over Spokane because the combined influence of 
the two variables seemed more clearl;r established for Albuquerque than 
for Spokane. The relationships selected to be compared were simple 
parabolic regression involTing 8U1111hine as the independent variable, 
and lllllltiple parabolic regression with sunshine a:rd cloud cover con-
sidered together as independent variables. The equations produced 
were: 
Xl.2u: 301+ 6.62~ - O.l75X~ (21) 
and 
~.2u3v = .381 + 6.082 - o.o1~ + 1.05~ - 0.980~ (22) 
The S values, the critical statistics !or detenrdning the estimating 
efficiency ot a regression equation, were 54 tor the simple regression 
in'Vtllving onl;r sunshine, equation (21), and 52 tor the combined regres-
lll 
sion types with respect to determining mean values of Q /Q • Con-
a e 
sidering both the S values and the compared means, there is no 
evidence that anything is to be gained !rom using sr and cd together 
as independent variables in direct lllllltipl.e regression. 
The type of lllllltiple regression jut described makes the 
assumption that the relation of the dependent variable to each inde-
pendent variable does not change regardless of the combination in 
which the independent variables are taken. In other words, no matter 
what amount of sunshine is received, the affect of ditf'erent cloud 
cover amounts will be the same. Figures l2 and l3 show that this is 
not the case. Apparently cloud variation has more affect on insol-
ation llhen sunllhine totals are low. Hence, it was decided that .1oint 
regression, which relates the variation of the dependent variables 
for combinations of the independent variables, should be tried. Such 
a relationship is described by the equation: 
(23) 
The si.mpl.est way to establish joint regression is to do so 
graphical]3. The Albuquerque dai]3 values of ~~. sr• and cd for 
the entire period-of-record were selected for the test. In carrying 
this out, the first step was to group and subgroup~~ according to 
values of Sr and Cd and compute the mean ~~ for each subgroup. This 
had already been done, as shown in Table XVI. Next, the mean Qa;/~ 
values for thsse cross-classified groups were plotted on graph paper, 
and isolines, based on linear interpolation between plotted points 
ll2 
for constant v~ were drawn (dotted lines, Figure 14). Smooth 
curves were fitted by eye to these isolines (solid lines, Figure 14). 
This simple process solved. the joint relationship graphically and 
made available a nomograph that could be used to estimate Qa/Qe as 
jointly determined by sr and cd. 
A strong joint relationship is not show by the graph. The 
slope of the lines upward to the left llhich indicates there is a 
combl.ned affect of cloud cover and sunshine on insolation, or that 
insolation at a given sunshine amount is greater with less cloud 
cover, had already been shown. However, this infiuence is not nec-
essarily a joint one. If the lines all have the same slope and spac-
ing, no joint relationship will have been show at all. As can be 
seen in the chart, the lines all do have essentially the same slope, 
but the spacing bec:OII8s more cl'OIIded toward lower sunsbine values 
(Note that an extra line at a 25 ly intenal was inserted at the high 
sunshine encl). This increased crowding indicates that a decrease in 
clO\Id cover has more affect on insolation at low sunshine amounts than 
with large sunshine amounts. The crowding is not pronounced, however, 
and any joint affect of cloud cover and sunshine on insolation that 
might exist appears to be weak. 
In spite o! the lack of promise o! joint regression, it was 
given a coaparative test with the direct sunshine-insolation para-
bolic relationship, using the Albuquerque 300-cla.y random sample as a 
hase. Monthly means of calculated VQe and monthly standard. errors 
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Figure l4o The dashed lines are isolines of Qg,/Q, based on 
linear interpolation between plotted points taken from F:i&ure 12. 
The solid lines were fitted to the isolines by eye. They show the 
smoothed joint affect of Sr and Cd on Q,/Qe. 
0 
of the residuals (S2) for each type of regression are shown in Table 
XVIII along with the actual monthly mean ~/Qe• It is apparent that 
there is little to choose between the twc relationships. In view of 
this, it was decided to drop plans for further investigation o! joint 
regression. 
The in!luence o! snow cover on daily values o! insolation 
So much has been written concerning the possible influence o! 
snow COTer on insolation that it was decided to use the dai]Jr data 
to investigate this variable. Originally it was planned to add snow 
cover as a qualitative variable to the regressions alreaey described·. 
However, a simpler and, it is believed, superior method was applied. 
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The presence or absence of a snow cover o! l inch or more was 
punched on the dai]Jr cards for all lO insolation stations. This in-
!ormation was used to separate the Januar,y 1950-60 cards !or Spokane, 
Boise, Salt Lake City, El.;y, and Grand Junction COiltaining insolation 
values into 2 groups, days with snow cOTer and days without snow cover. 
The inquiry was limited to these 6 stations because others had too !ew 
days with snow. In addition, it was limited to Januar,r because it was 
the onl;y month with an equal probabi 1 1 ty o! having snow cover on any 
day of the month. It is important to select the proper period to avoid 
bias in the data. If, for example, March had been included, bias would 
have been introduced because March is most apt to bave snow cover ear]Jr 
in the month when insolation values are -n as compared to high values 
at the end o! the month when snow is not as like]Jr to occur. 
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TABLE XVIII 
COOPARISON OF STATISTICS CALCULATED FRCI'• A BANJ)(lo1 SAMPlE OF 300 
DAYS WITH PARABOLIC JSr -~~~) AND JOINT 
(Sr, Cd - ~) REGBESSION 
ALBUQUFBQUE, 195o-60 
Actual Data Parabolic Regression Joint. Regression 
n ~~~ Q,.f~ s* Ill ~~~ s* Ill 
-
Jan 25 638 654 40 639 45 
Feb 25 682 658 37 670 33 
Mar 25 691 674 38 680 34 
Apr 25 685 672 31 691 42 
Ma7 25 735 741 22 739 21 
Jun 25 739 754 29 740 30 
Jul 25 713 723 25 706 28 
Aug 25 684 689 24 682 32 
Sap 25 673 699 27 688 35 
Oct. 25 718 720 24 709 26 
Nov 25 714 737 38 732 37 
Dec 25 661 652 60 662 58 
Year 694 698 35 694 36 
* S is the standard error o! residual dii'!erences between actual and 
Ill 
calculated dail.T values. 
A total of 1.028 values nre available for Js.nusry. 4.32 snow 
cover days and 596 non-snow cover days. This number of cases was 
more than adequate to determine if an;r snow cover effect exists. 
Three linear regressions between dailT Sr and Q/~ were worked out 
with these data: (l) for all days with anow cover, 
x1.2 • .3.38+ 4.70lJ2 
(2) for all da;rs without snow cover. 
(24) 
~.2 = 262 + 5o.349~ (25) 
and (.3) for all days, anow cover and non-snow cover, considered 
together. (26) 
. 
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The curves for the three equations are sho'llll. in Figure 15. Snow COY"er 
plainl.y was responsible for an increase in insolation compared with 
times whm the ground wa.e free of snow, a.nd, a.s logic would have it, 
the increase was greatest (29 percent) with overcast sky a.nd least 
(1.5 percent) with clear llky. 
Since a primary purpose is to prepare a. series of maps of 
1110nthly mean insolation from calculated as well as from actual insol-
ation values, the abili'ty ot - oonr oorreot.ion to improve calcul-
ated 111011thly means was tested. Fifteen 1110nths, each with a. large 
number of days of snow cover, were selected a.t random from a.mong the 
6 snow-cover stations. A linear ~Qe-sr regression equation was 
established for each IIIDilth at each station based on a.ll days with 
ll7 
~ !!!2!! cover for that month for the entire period-of-record. 'lbese 
equations were used to calculate ~~~ values for the single month being 
examined, after which the days with snow cover were corrected by being 
multiplied by the pertinent correction factor (see Table XII). Fina.ll.7, 
the corrected Qa,/~ values and the non-corrected nlues for days without 
snow cover were added together and the 111DI1thl7 mean computed. Table XI 
contains the data for the 15 months, including the actual monthl.7 mean 
daily Qa/~. the value calculated from linear regression based on !!! 
(snow and non-snow) days, and the va.lne after the snow correction ha.s 
been applied. The departures of both calculated valuas of Qa/~ from 
the actual value is also given. 'l'be latter quantities show that IIIDI1tb17 
uncorrected Qa/Qs based on regression developed from all days consistent-
ly underestimated the a.ctua.l value, a.nd that applying a snow correction 
improved the estimate, but did not bring it up to the level of the 
actual value in most cases. 
TABLE XII. 
SNOW C01r~ CORRECTION 
sr Correction sr Correction 
Factor* 
00- 09 1.290 60 - 69 
10 - 19 1.222 70 - 79 
20 - 29 1.174 BO- 89 
30- 39 1.135 90- 99 
40 - 49 1.107 100 
50 - 59 1.083 
* Factor by which daily ~~~ values calculated from ~~~ - Sr 
linear regression based on days without snow cover are to be 
multiplied to correct for effect of snow cover. 
Factor 
1.065 
1.049 
1.036 
1.024 
1.015 
TABLE XX 
DATA FOR TEST TO DETEI!IIINE ABILITY OF SHIM COVER C~TIQI TO IMPROVE 
ACCURACY OF CALCULATED MONTHLY Y.EAII OF DAILY l<a/Q, 
Station Mo Yr No. Daye Actual Q;;i'Q;' Calculated Departure ~·Calculated Departure 
With From Regression Froa Regression From 
Snow Cover '<e,fQ, Baaed on All llqa 
AQ!it Baood on Dqo Actual Without Snow 
" Cover & Corrected For Snow Cover 
-- --
Spokane Jan 51 30 522 452 -70 471 - 51 
Spokane Dec 55 21 334 364 30 389 56 
Spokane Feb 57 25 512 484 -28 513 1 
Boise Jan 52 21 555 415 -140 454 -101 
Boise Feb 55 l4 560 502 - 58 521 - 39 
El7 .ran 57 22 650 621 -29 633 -17 
El7 Mar 58 16 612 598 -14 619 7 
El7 Jan 60 31 655 635 -20 658 3 
Salt. Lake City Dec 51 29 428 403 - 25 422 - 6 
Salt Lake City Feb 52 18 551 529 -22 566 ll 
Salt Lake City Jan 60 27 501 451 - 50 473 -28 
Grand Juncticn Dec 54 17 64l 620 -21 635 
- 6 
Grand J1D1Ction Jan 55 lJ 612 578 -34 592 -20 
Grand Junction Feb 55 21 689 629 -60 653 -36 
Grand Junction Dec 56 24 634 666 32 715 8l 
!g 
Testing of Empirical Relations of MonthlY Ipsolation Values to 
MonthlY Values of Sel.acted Climatic ElemEIII.tl, 
The analysis or monthl;r data, chiei'l;r monthly means or dail;r 
values, was conducted along IIUch the SliM lines as the analysis or 
dail;r data. Regression and correlation were used as the principal 
investigative tools, again with Q/~ as the dependent variable and 
Sr and Cd as the chief independent variables. In this case, however, 
a number or additional varisbles were tested for possibl.a relation 
to the variation of Q,j~. These were station air pressure, pre-
cipitable water vapor, number or days with anow cover, and optical 
air mass. See Table VI for a listing of the data and the stations 
for which they are available. The data for all variables were 
monthly 111eans of dail;r values, except the snow cover figure which 
wu a monthl;r total or number or days. Aa will be seen later, two 
additional "variables", station elevation and the cosine of station 
latitude, were used in a special case. 
A problelll in handl i ng the monthl;r data arose because of the 
many months at all stations with days having no insolation observa-
tiona. The question was, should such months be included in the anal-
ysis, and, if so, what should be the cut-off point below which the 
number of days available would be considered too small to be useful? 
'1'he problem was compounded by the fact that it was desirable to util-
ise the compl.ate records for all days or the month of sunshine, cloud 
cover, and other independent variables, because application or estim-
ation procedures beyond the 10 stations would involve use of mean sr, 
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etc. based on complete JIIDnthly data. It vas decided to use only 
months baTing 3 ~ or less of missing insolation. This meant 
that for maiJY months the means of q./~ and those of the independent 
variables were computed for slightly different periods. That is to 
sq, for a January with 3 ~ of insolation values missing, mean 
Q,j~ would be computed on the basis of 28 dsys while the mean of Sr 
and for other independent variables would be based on 31 days. A 
sample of such months showed that even at worst, 3 miasing dsys had 
very negligible affect on the size of Qa/~ means. 
Statistics for the 11100thly q./~ - Sr and Q/~ - Cd regres-
sions and correlations for Albuquerque, Ely, and Spokane are SUIII-
marized in Tables XXI and XXII. Scatter diagrams for the relation-
ships are given in Figures 16 to 21. The general picture shown by 
these statistics differs little frQJII that given for the daily analy-
sis. Sunshine, taken alone, provides a hi(jler correlation ld.th v~ 
than cloud cover, and the parabolic relationship seems to be better 
than the linear but to an even lesser degree than for the daily data. 
The blnching of the monthly values for som stations in the high sun-
shine, or low cloud cover halves of the relationship, tends to smooth 
out to a large ext.ent any tendencies for the relationship to be curv-
ilinear (Figure 16). 
l2l 
Although not as promising a variable as sunshine, the possi-
bility of improving cloud cover by adding additional. independent 
variables to form multiple linear regressions vas tested with Albuquer-
que, Ely, and Spokane.data. 'lhe number of days with enow on the gl'Olnd, 
l22 
TABLE XXI 
RIDRESSION AND CORRELATION STATISTICS FOR LINEAR AND PARABOLIC 
REGRESSION WITH MONTHLY VAL~ OF ~fQ AND S e r 
Regression Correlation 
Function Regression Coefficients Statistics 
I b2 bu s R n a Xi.2 
when R2 Xz=lOO 
SJ2ok&ne 
Lin * ear 80 296 754 4.570 44 .920 
.846 
-
Parabolic 80 280 745 5 • .351 -.008 44 .920 
.$46 
Sl 
Linear ll2 42.3 756 ,3 • .3.3.3 .34 .758 
.574 
Parabolic ll2 .3.38 749 5.656 -.015 33 .777 
.604 
Albuquerque 
Linear l22 400 797 ,3.970 25 .8.36 
.699 
Parabolic 122 .322 790 6.042 -.Ol4 l9 .895 
.SOl 
I 
* 
Linear: O-af~ = f(Sr) 
-
Parabolic: ~~~' = f(Sr) + f(Sr 2) 
123 
TABLE XXII 
REGRESSION AND CORRELATION STATISTICS FOR LINEAR AND PARABOLIC 
REGRESSION WITH MONTHLY VALUES OF 0-a./~ AND Cd 
Regression Corre~ation 
Function Regression Coefficients Statistics 
I 
b3 b s R n a XJ..3 v 
when 
a2 ~=~o 
SEokane 
Linear* 80 852 -4.8~ 62 -.834 
.696 
Parabolic** 2.500 -.636 56 -.867 
o75~ 
E.l 
Linear ll2 799 534 -2.649 33 -.776 
.602 
Parabolic ll2 792 529 -2.355 -.003 34 -.773 
.597 
Albu9uergue 
Linear 8~ 544 -2.698 31 -.736 
o542 
Parabolic 805 523 -2.238 -.006 26 -.788 
.6~ 
* 
Linear: ~/0.. I = !(Sr) 
** Parabolic: ~~~I = !(Sr) + !(~ 2) 
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Figure 16o The correlation coefficients (R) for the 
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regression lines are : linear, ...0. 736; parabolic, -0. 788. 
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ELY, 1950- 1960 
Regression of Monthly Mean Daily Oa/Oe with Sr 
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SPOKANE, 1950 - 1960 
Regression of Monthly Mean Daily Oa/Oe with Sr 
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Figure 21. The correlation coefficients for the 
regression lines are: linear, -0.834 parabolic, -0.867. 
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G, and optical air mass, m, were added as variables individual.~, 
then together. A comparison of the standard errors of estimate and 
partial correlations of coefficients given in TableXXIII, gives the 
relative contribution of the new variables. Individua~ and to-
gether, they made little difference to the basic ~Qe-Cd relationship. 
The one exception was the addition of m to ~e data which caused a 
drop in the standard error from 62 for the simple Qe/~-Cd regression 
to 42 when used to form a multiple regression. 
Modification of the basic QJ~-Sr linear regression by adding 
new variables was tested for alllO insolation stations. This part-
icular relationship seemed the obvious one to use in expanding the net-
work of stations beyond the 10 key stations, hence such a detailed ex-
amination (Table XXIV, Parts A, B, and C). Expanding the relationship 
through addition of G as a variable had leas affect than was anticipated, 
even at northem stations where snow cover was frequent during winter. 
The greatest decrease in an S value brought about by adding G to the 
basic Qa/~-sr relation was from .3.3 to 28 for Salt Lake City, while at 
Boise and Spokans it was identical, 44 to 42, and at Ely there was no 
change. The squares of the partial correlation coefficients, :.:.214•2, 
show that adding G explained, at Salt Lake City, about .30 percent of 
the variance of ~~ not accounted fOI.' by sr, and for Boise, Spokane, 
and Ely, 7, 8, and 4 percent respective~. In the regression for all 
10 stations considered together, G caused virtually no drop in the 
standard error of estimate and explained o~ 8 percent of the variance 
unaccounted for by Sr• It would seem logical, ccnsidering the affect of 
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TABLE XXIII 
REGRESSION AND CORRELATION STATISTICS FOR LINEAR REGRESSION 
WITH MONTHLY VALUES OF~. l!d, G, AND iii 
Resression Coefficients Correlation Statistics 
Independent n • b3 b4 b5 s R Partial VariableB* 
R2 Correlation 
S:es!kane 
1!d(X3l 8o 852 -4.821 62 -.834 
.696 
l!d, G(X4) 8o 842 -4.580 -1.369 61 -.838 2 = .023 
.703 r14.3 
cd, iii(x5) 8o a,o -2.982 - .,31 42 -.929 2 
.863 r15.3 
= .550 
l!d, a, m 8o 917 -2.929 3.086 -1.191 39 -.,38 2 .124 r14.35 = 
.sao 2 
.596 r15.34 = 
l!!Z 
l!d 112 7!9 -2.649 33 -.776 
.602 
'C"d, G 112 807 -2.925 1.602 32 -.797 
.635 
2 
r14.3 •• 083 
cd, iii 112 8o2 -2.621 - .033 33 -. 776 2 
.603 r15.3 = 
.003 
l!d, G, iii 112 832 -2.850 2.209 - .212 31 -.8o6 2 .194 
.650 r14.35 = r~5.34 : .041 
Albuguergue 
l!d 122 814 -2.698 31 -.736 
.542 
l!d, G 122 814 -2.676 -2.888 31 -.738 2 .007 r14.3 = 
.545 
l!d, iii 122 832 -2.662 .145 30 -.742 2 .020 ['15.3 = 
.551 
l!d, G, ;;; 122 831 -2.660 - .503 - .137 31 -.742 2 .coo r14.35 = 
.551 
r2 : .013 15.34 
• In all cases the dependent variable is ~(X1) . 
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TABLE XXIV, PART A 
REGRESSION AND CORRELATION STATISTICS FOR LINEAR REGRESSION WITH 
MONTHLY VALUES OF ~. "S"r, G, AND iii 
Regression Coefficients Correlation Statistics 
Independe\}t n a b2 b4 b5 s R Partial Variables R2 Correlation 
El Paso 
"S"r(X2) 124 347 4.346 24 .825 
.681 
1!" r' iii( X5) 124 373 4. 246 -.142 24 .829 
.687 
2 
r15.2 = .019 
Tucson 
"S"r 47 236 5.278 26 .841 
.707 
sr' m 47 296 5.198 -.410 25 .867 r2 : .154 
.752 15.2 
Phoenix 
sr 123 297 4.385 42 .625 
.391 
sr, iii 123 392 3.912 -.411 41 .656 2 .064 
.430 r15.2 : 
Albuguergue 
s 122 400 
r 3.970 25 .836 
.699 
"S"r• G(X4) 122 398 3.994 1.324 25 .838 r2 = .013 
.703 14.2 
sr' m 122 405 3.954 -.029 25 .834 
.696 
r2 
15.2 : -.oog** 
"S"r' a, iii 122 407 3.976 2.450 -.066 25 .837 ri4.25 : .017 
.701 2 
-.007** r15.24 : 
Las Vesas 
sr 126 335 4.292 35 .713 
.508 
Sr, iii 126 406 3.869 34 .728 2 .045 r15.2 = 
.530 
• In all cases the dependent variable is Qa!Qe• 
•• Adding m as a variable actually reduced the amount of explained variance. 
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TABLE XXIV, PART B 
Regression Coefficients Correlation Statistics 
Independent n a b2 b4 b5 s R Partial Variables 
R2 Correlation 
Grand Junction 
~r 96 388 3.717 37 • 792 
.627 
'S"r, G 96 389 3.725 ,070 37 • 792 2 ,003 rl4.2 = 
,628 
Sr, iii 96 418 3.558 -.1211 36 ,796 
.634 
2 
r15.2 • .019 
!'r., a, iii 96 401 3.855 .514 -.159 34 ,826 2 .131 rl4. 25 = 
.682 2 
.145 rl5.45 = 
Ely 
sr 112 423 3.333 34 .758 
.574 
!"r, G 112 408 3.536 1.060 34 .767 
.589 
2 
rl4,2 = .035 
!"r, iii 112 438 3.264 -.067 34 .75~ 2 ,005 
.576 r15.2 = 
sr, G, iii 112 343 4,486 7.127 -.209 30 ,825 2 .246 rl4.25 = 
,680 2 
r15, 24 = .221 Salt Lake Cit:z: 
s 50 260 4.674 33 .!311 r 
.872 
Sr, G 50 192 5.511 2.868 28 .954 2 .297 rl4.2 = 
.910 
~r, iii 50 192 5.318 ,261 33 .937 
,878 
2 
r15.2 = .047 
!'r, G, iii 50 192 5.516 2.862 ,004 29 .954 2 .262 rl4.25 = 
.910 2 
rl5.24 • .ooo ~ 
sr 99 290 4.198 44 .893 
.797 
'!r, G 99 263 4,520 3.604 42 .901 
.812 
2 
rl4.2 = .074 
~r' iii 99 386 3.549 -.341 43 ,goo 2 .o64 
.810 r15. 2 = 
'S"r, G, iii 99 380 3.759 4.295 -.433 40 .914 2 .132 rl4. 25 " 
.835 2 
rl5.1- • .122 
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TABLE XXIV, PART C 
Rearession Coefficients Correlation Statistics 
Independent n a b2 b4 b5 s R Partial Variables R2 Correlation 
S:eg;kane 
sr 80 296 4.570 44 .920 
.846 
Sr, a So 266 4.984 2.023 42 .927 2 .084 r14.2 = 
.859 
l!"r, iii 80 409 3.675 -.364 42 .926 2 .078 
.858 r15.2 = 
l!"r, a, iii 80 435 3.749 3.344 -.646 38 .943 2 • 225 r14.25 = 
.890 2 
r15. 24 = .220 All 10 Stations 
sr 979 314 4.521 45 .860 
.740 
sr, a 979 301 4.673 1.174 45 .662 2 .008 r14. 2 = 
.742 
sr .. iii 979 377 4.162 -. 254 44 .864 2 .027 
.747 r 15.2 = 
l!"r, G, iii 979 373 4.310 1.948 -.327 44 .868 2 .028 r14.25 = 
.754 2 
r15. 24 = .047 
All 10 Stations {Winter months 1 Oct-Mar 1 onlz) 
s 481 296 4.760 48 .886 r 
.785 
sr, a 481 271 5.037 1.831 47 .892 2 .047 rl4.2 = 
.795 
All 10 Stations (su~~er months, Aor-Se2 1 onlz} 
Sr 498 155 6.413 62 .751i 
.572 
snow cover discovered. with the d.a1lJr data, that d.enlopment of the 
regression for winter months (October-March) alone would. reveal a 
strong influence by G, but such was not the case. The winter-month 
correlation statistics for the consolidated. d.ata of all 10 stations 
show a d.rop in standard. error from 48 to 47 and. a less than 5 percent 
increlllllnt to the explained. variance. Optical sir -ss, m, did. little 
more to improve the basic relation than G. Changes in S and. r' s were 
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practically the same in all cases as those for the addition of G. For 
the Albuquerque d.ata, the addition of m actually worsened. the corral-
ation, probably through no physical factor but because of statistical 
peculiarities of the d.ata. 
Precipitabl.e water vapor, w, as a suborciinate variable was tested. 
on data !or Phoenix and. Boise (Table DY). It bad. no real affect on the 
Boise statistics. For Fhoenix its ad.dition explained. l4 percent of the 
variance not e:xplained. b;y Sr alone, but only brought about a reduction 
in S from 33 to 31. 
Denlopment of Method.s to Compute Data to be Used. in Constructing Maps 
of Monthly Mean Daily Insolation 
As suggested. earlier, d.ata from the 10 insolation stations of 
the Intermontane region were not ad.equate to 1111.p the distribution of 
insolation in the region. To obtain ad.equats d.ata, it was necessacy 
to fill in data lllissing from the record.s of the 10 stations, and to 
e:xpand the network to additional stations. This final section of the 
present chapter will describe the d.evelop!lent and testing of methods 
to acccmplish this objective. These method.s were based. to a large extent 
TABLE XXV 
REGRESSION AND CORRELATION STATISTICS FOR LINEAR REGRESSION WITH 
MONTHLY VALUES OF Q.lQ;, Sr, G, iii, AND w 
Regression Coefficients Correlation Statistics 
Independent n a b2 b4 b5 b6 b7 s R Partial Variables* R2 Correlation 
Phoenix 
srCiC2l 77 347 4.031 33 .717 
.514 
sr, iii(x5) 77 413 3.727 -.300 32 .736 2 = .058 
.542 r15.2 
Sr, w(x6) 77 371 4.013 -.132 31 .763 
.582 
r2 
16.2 : .140 
sr ... m, w 77 576 3.163 -.820 -. 264 25 .852 ri5. 26 : .344 
.726 
ri6.25 = .402 Boise 
s 59 302 4.064 48 .887 r 
.787 
Sr' G(X4) 59 276 4.832 2.688 46 .898 
.807 
2 
r14.2 : .094 
Sr, m 59 389 3.464 -.309 47 .890 r2 : .028 
.793 15.2 
Sr, mw(x7) 59 362 3.892 -.286 4i .894 r2 = .053 
.799 17.2 
Sr' G, mw 59 324 4.194 2.417 -.209 46 .89~ ri4• 27 : .045 .so 2 r 17 •24 : .005 
* In all cases the dependent variable is ~(X1 ). 
t: 
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on the e~~pirical relationships discussed in previous sections of 
this chapter. The simple linear relationship with swtshine, modified 
by a snow correction, was used to compute daily insolation values from 
the records of the 10 stations. This same relationship and the simple 
linear cloud cover relationship served to compute monthly data for the 
expansion of the network to non-insolation stations. In carrying out 
this last step, it was fOWlci that the relationships were improved if 
modifications -re made to account for the variations of the regression 
coefficients a and b with station elevation and latitude. This per-
mitted the addition of 23 stations to the original lD, and provided a 
good base for the drawing of isoline maps showing the distribution within 
the Intermontane region of monthly mean daily insolation. 
In developing the canputation 1118thode, deciaiOM had to be lllad.e 
caacemin& the .. lect.ion of ellpll.rical rel&tionships to be used and the 
manner of their application. The first in10lved the question of whether 
substituting estimated daily values of insolation for missing actual 
vaiues in the records of the 10 stations 110uld improve the accuracy of 
monthly means, and, it so, which regreBSion relationship should be used. 
The second part of this decision will be ccnsidered first. 
There -re two obvious choices among the daily regression relation-
ships, either linear or parabolic ~~-5r· The latter, though not pro-
viding substantially higher correlations or lower standard errors of 
estimate, at first seUIIId more desirable because, as can be seen in 
Figures 22 and 23, it matches the distribution of values better over the 
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SPOKANE 
COMPARISON OF S,-OQ/00 REGRESSION CURVES WITH MEANS OF ACTUAL O.,/Q0 
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Figure 23o In this diagram and the one above, it 
is apparent that the parabolic regression line more 
closely matches the distribution of grouped means of 
actual values than does the linear regression line. 
The linear relationship tends to sligh tJ.y overpre diet 
actual values at the ends of the distribution and 
underpredict slightly in the middle. 
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entire range or data !rom low to nigh Sr. The linear relationship tends 
to OV'erpredict at the ends and underpredict in the central area. Tables 
XXVI and XXVII show the comparative ability of the linear and parabolic 
regressions to estimate period-of-record monthly values of ~~~ for 100 
percent sunshine at Albuquerque and Spokane. For both stations, the 
parabolic prediction is the better, but not extremely so. If the pre-
diction of values for a frequency distribl.tion were the chief aim, this 
would be a factor to be weighed carefully, but the goal was, instead, 
the determination of monthly means. For this purpose, the linear curve 
might do just as well, because overestimated missing values at the ends 
of the range of S would be compensated by underestimated values near the 
center. It is granted that, if missing values for a particular month 
were in only one segment of the curve, the mean could be biased. 
A test wu carried out to ascertain whether lUcy" significant dif-
ference in monthly means would arise fl'OIII use of the linear and parabolic 
to calculate daily values. A summer and winter month were each selected 
for Albuquerque and Ely, for which the daily values were calculated with 
first the parabolic then the linear regression ronnulas for each year 
from 1950 to 196o. Monthly ~~Sans were calculated from these estimated 
values, and are shown with the actual means in Tables XXVIII to XXXI. 
There is no real difference between the calculated value for any month 
in any year, and the period-of-record values are virtually identical. 
It is particularly meaningful that the estimated values for June at 
Albuquerque are almost identical for both types of regression. June is 
TABLE XXVI 
ALBUQUERQUE, 1950-60 
PERIOD OF RECORD MONTHLY MEAN Qa/Ge FOR DAYS WITH lOG% Sr AND ITS COMPARISON 
WITH THE SAME STATISTIC CALCULATED WITH LINEAR AND PARABOLIC 
REGRESSION EQUATIONS BASED ON ALL DAYS 
Actual Calculated 
Days with Linear Parabolic 
100 'f, 
EQ.J~ G.8/Qe Qa/Oe' Ga/Qe -08/Qe ' Qa/Qe' G8/Qe -Qa/Qe ' Sr 
-- --
Jan 76 61,665 812 828 -16 806 6 
Feb 73 59,920 821 837 -16 819 2 
Marq 81 66,733 824 819 5 813 11 
Apr 74 61,446 830 832 - 2 822 8 
May 55 44,986 818 816 2 816 2 
Jun 98 78,507 801 805 - 4 802 - 1 
Jul 26 20,802 800 801 
- 1 Boo 0 
Aug 41 32,061 782 797 -15 783 - 1 
Sep 135 107,718 798 809 -11 799 - 1 
Oct 145 115,850 799 804 - 5 794 5 
Nov 143 113,284 792 802 -10 792 0 
Dec 113 90,011 796 810 -14 795 1 
Year 1,060 852,983 805 814 
- 9 802 3 
~ 
TABLE XXVII 
SPOKANE, 1950-60 
PERIOD OF RECORD MONTHLY MEAN Oa/Ot FOR DAYS WITH 100% SHDAND ITS COMPARISON 
WITH THE SAME STATISTIC CA CULATED WITH .LINEAR A PARABOLIC 
REGRESSION EQUATIONS BASED ON ALL DAYS 
Actual Calculated 
Days with Linear Parabolic 
100 % 
EQa/0e o.Joe o.Joe' Qa/Oe -Oa/0e' ~· Oa/Qe-~' sr 
-- -- --
Jan 10 8,178 818 846 -28 808 10 
Feb 7 5,703 814 837 -23 784 30 
Mar 9 6,870 763 770 - 7 777 -14 
Apr 34 26,891 791 783 8 789 2 
May 17 13,030 766 785 -19 774 - 8 
Jun 14 10,677 763 789 -26 772 - 9 
Jul 85 64,176 755 761 - 5 756 - 1 
Aug 88 66,333 753 752 1 745 8 
Sep 74 54,662 739 751 -12 737 2 
Oct 20 14,163 708 751 -43 695 13 
Nov 18 12,817 712 753 -41 694 18 
Dec 5 3,414 682 770 -88 713 -31 
Year 381 286,914 753 770 -17 752 1 
t;; 
I» 
TABLE XXVIII 
CGlPARISON OF MONTHLY }lEANS OF ~~~ CAWULA.TED l'RCM PARABOLIC AND 
LINEAR RroRESSION F ~~~AND Sr 
ALBUQUERQUE, (JUNE, 195~0) 
Actual Values Calculated Values 
Parabolic Linear 
~ I 
_, 
- -· 
I 
-· 
- _, 
Year n X)_ XJ..2u ll.2u l)_-XJ..2u Xi.2 ll.2 1)_-1)_.2 
- - -
1950 30 21,566 719 22,351 745 -26 22,277 742 -23 
1951 30 22,783 759 22,941 765 -6 22,845 762 
- 3 
1952 30 21,434 714 22,044 735 -21 22,132 738 -24 
1953 30 21,822 727 21,446 715 12 22,459 749 -22 
1954 29 22,007 759 21,958 757 2 22,002 759 0 
1955 30 22,920 764 22,944 765 -1 22,968 766 - 2 
1956 26 18,603 716 18,879 726 -10 18,861 725 
- 9 
1957 29 21,041 726 21,180 730 
- 4 21,195 731 - 5 
1958 30 22,237 741 21,820 727 14 21,806 727 14 
1959 30 21,865 729 21,lll 704 25 21,115 704 25 
1960 28 19,818 708 19,514 697 11 19,561 699 9 t; 
-o 
Total 322 236,096 733 236,188 734 -1 237,221 737 -4 
TABLE :xXIX 
CCMPARISON OF MONTHLY ¥LEANS OF ~~~ CAU:ULATED FXCM PARABOI.IC AND 
LINEAR REGRESSION F ~~~ AND Sr 
ALBUQUERQUE, (Dm:EMBm, 1950-60) 
Actual Values Calculated Values 
Parabolic Linear 
x;_ I -I - -1 I -I - -1 Year n ~ ~.2u li.2u ~-li.2u Xr.2 li.2 ~-~.2 
- - -
1950 31 22,362 721 23,753 766 -45 23,643 763 -42 
1951 31 20,517 662 20,170 651 ll 20,089 648 l4 
1952 31 21,423 685 19,932 643 42 19,774 638 47 
1953 30 21,474 716 21,007 700 16 20,862 695 21 
1954 31 22,152 715 21,554 695 20 21,515 694 21 
1955 31 21,723 701 22,193 716 -15 22,232 717 -16 
1956 31 22,953 740 23,022 743 - 3 23,085 745 - 5 
1957 30 20,952 698 21,310 710 -12 21,517 717 -19 
1958 30 22,708 757 22,407 747 10 22,496 750 7 
1959 31 18,421 594 18,904 610 -16 19,152 618 -24 
1960 31 20,753 669 21,161 683 -14 21,031 678 
- 9 s 
Total 338 235,263 696 235,413 696 0 235,396 696 Q 
TABLE XXX 
CCMPARISON OF MONTHLY MEANS OF Q~/' CAWULATED FRCM PARABOI.IC AND 
LINEAR RmRESSI N F ~~~ AND Sr 
ELY, (JULY, 195o-60) 
Actual Values Calculated Values 
Parabolic Linear 
~ I -I - -1 I -I - -1 Year n l)_ Xi.2u Xi..2u l:L -Xi_.2u l:i..2 Xi.2 JS_-~.2 
- - -
1950 .30 17,575 586 18,613 620 
-.34 18,174 605 -19 
1951 .31 20,922 675 22,102 713 -.38 21,8.35 704 -29 
1952 .30 19,762 659 19,50.3 650 9 19,441 648 ll 
195.3 .30 18,97.3 6.32 19,6.30 654 -22 19,652 655 -23 
1954 .30 19,945 665 19,lll 6.37 28 19,494 650 15 
1955 .30 20,925 698 20,712 690 8 21,.393 713 -15 
1956 .31 20,682 667 20,650 666 1 21,.307 687 -20 
1957 .30 20,944 698 21,.317 711 -13 21,268 710 -12 
1958 .30 20,421 681 20,382 679 2 20,766 692 -ll 
1959 30 19,421 647 18,674 622 25 18,518 617 30 
1960 30 18,900 6.30 18,77.3 625 5 18,624 621 9 E 
Total .3.32 218,470 658 219,467 661 -.3 220,472 664 - 6 
TABLE XXXI 
CGIPARISON OF ~lONTHLY MEANS OF ~~~ C.W:ULA.TED FRCM PARABOLIC AND 
LINEAR RmRESSION OF~~~ AND Sr 
ELY, (DJOOEMBER, 195o-60) 
Actual Values Calculated Valuea 
Parabolic Linear 
~ 
_, 
- -· 
I 
-· 
- _, 
Year n ~ XJ..2u JS..2u JS_-Xi.2u 11..2 11.2 :JS_-11..2 
- - -
1950 31 17,986 580 18,160 586 -6 18,313 591 -ll 
1951 0 
1952 30 18,383 6l3 17,220 574 39 17,459 582 31 
1953 31 20,095 648 19,897 642 6 19,887 642 6 
1954 31 20,671 667 19,470 628 39 19,463 628 39 
1955 29 16,898 583 16,600 572 ll 16,598 572 11 
1956 29 18,593 64l 19,376 668 -27 18,752 647 - 6 
1957 30 19,473 649 19,193 640 9 19,103 637 l2 
1958 31 20,654 666 21,529 694 -28 21,677 699 -33 
1959 31 20,143 650 21,362 689 -39 20,885 674 -24 
1960 31 21,219 684 22,811 736 -52 21,146 682 2 ~ 304 194,115 638 195,618 643 - 5 193,283 635 Tot.al. 3 
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a month when the IIIBan Sr is 85 percent, thus most values are cmcen-
trated near the upper end of the curves and one would expect over-
estimation from the linear relation. In addition to showing that 
there is really nothing to choose between the two types of regression, 
it is apparent that either type did a good job of predicting monthly 
mean daily Qa/~. Therefore, the linear was selected over parabolic. 
A second decision involved whether substituting estimated daily 
values of insolation for missing actual values would improve period-of-
record monthly meana. Data from Albuquerque and Ely were used to in-
vestigate this queatioo. The method used was to, first, select a 
month for each station with complete data for the period-of-record. 
This was not poasible for either station, but lO years of Januarys 
with only 6 days missing out of the possible .310 was found for Albu-
querque, and ll years of Septembers for Ely with only 8 out of .3.30 days 
missing. The actual period-of-record ~~ for each of the months was 
then ccmpared with the actual value for shortened periods of the BaiiiB 
month. This was achieved by eliminating entire blocks of years fran 
the records, or by randOIIIly eliminating individual days. Comparison 
also was made between the value for the entire 10 or ll year period 
based on the actual data for the shortened periods plus estimated data 
for the •11m1nated months or days. The estimated daily values for 
these eliminated periods were obtained from new linear regressions 
established from the data of the shortened periods. The statistics in 
Tables XXIII and XXIIll for this test show that shortening the periods 
altered the means to some extent, though not seriously, am that in most 
TABLE XXXII 
STATISTICS FOR Tli:>T TO DETEBMINE WHETHER SUBSTITUTING CAU:ULATED VALUES OF DAILY ~~ 
FeR MISSING VALUES WILL lllPROVE THE MONTHLY MEAN ~~~ FOR A Pm.IOD OF RECORD 
Albuquerque 
Januarz 1951-60 
(Based on actual daily values) 
Januarz 1953-60 
(Based on actual daily values) 
Januarz 1951-60 
(Based on actual d&i.l.y values 
!or 1953-60 plus calculatJd 
dailT values for 1951-52) 
n ~Q/Q. Qa/Qe n ~Q/Q. Qa/Qe 
304 207,2.50 682 242 165,426 684 
Januarz 1951-60 
(Based on actual daily values) 
Januarz 1953-58 
(Based on actual dai1y values) 
n ~~/" ~/" n ~~~~ ~~~ 
-
304 207,250 682 l80 119,928 666 
n ~Q/Q. Qa/Qe 
-
304 208,349 685 
January 1951-60 
(Based on actual dail;y values 
for 1953-58 plus calculated 
daily values for 1951-52 and 
1959-60)** 
n ~~~~ ~ 
304 208,493 685 
* 1951-52 ~~~ calculated values derived from linear regression equation <xi 2 = 326.2 + 5.~) 
developed from 1953-60 daily ~~ and Sr values. • 
** 19~1-52 and 1959-60 ~~~ calculated values derived from linear regression equation 
(Ji.2 • 323.0 + 5.ll7J2) developed !ran 1953-58 daily ~~~ and sr values. t 
TABLE XXXIII 
STATISTICS FOR TEST TO DETERMINE WHETHER SUBSTITUTING CAU:ULATED VALillS OF DAILY ~~~ 
FOR MISSING VALillS WILL lMPROVE THE MONTHLY MEAN ~/q. F<E A PERIOD OF R&:ORD 
rs.z 
September 195o-60 
(Baeed on actual daily values) 
September 1950-60 Less 54 Random Dan September 195o-60 
(Based on actual daily values) (Based on actual daily values 
n :Eo./q. ~7~ n ~o.fq. 
322 225,739 701 268 186,540 
~q. 
696 
plus calculated daily values 
for 54 randOlll. daya)* 
n ~~~~ ~~ 
322 22.5,1.50 699 
September 1950-60 
(Baeed an actual daily values) 
September 1953-60 
(Based on actual daily values) 
September 19.5o-60 
(Based on actual daily values 
for 19.53-60 plus calculated 
daily values for 19.50-.52)** 
n 
322 
* 
~o.fq. ~/q. n ~~/q. ~q. n ~o.l~ ~/q. 
225,739 701 234 16.5,527 707 322 224,732 698 
Calculated valuea of ~~~ for 54 random days derived from linear regression equation 
x:l..2 - 3ll. 7 + 4.846X;zJ developed from 19.50-60 daily ~~~ and sr values (less .54 daya selected 
at randOlll.. 
** Calculated values of Qa/q. for 19.50-.52 derived from linear regreasion equation 
<X::..2 - 288.8 + ;.09~) developed from 19.53-60 daily ~/Q. and sr valuea. 
e; 
December l95o-60 
{Based on actual daily values) 
n 2.~/o,. ~10.. 
.304 194,115 6.38 
December l95o-60 
(Based on actual daily values) 
n ~~10.. ~10.. 
.304 194,115 6.38 
TABLE XXXIII (Cont.) 
!!z (Continued) 
December 1954-60 
(Based on actual daily values) 
n ~~10.. ~10.. 
212 1.37,651 649 
December 1954-58 
(Baaed on actual daily values) 
n ~~10.. ~~~ 
150 96,289 642 
December 1950-60 
(Based on actual daily values 
for 1954-60 plus calculated 
daily values for 1950, 19521 
and 195.3)*** 
n ~~0.. ~IQ;; 
.304 191,512 6.30 
December 1950-60 
(Based on actual dally values 
for 1954-58 plus calculated 
daily values for 1950, 19521 
195.3, 1959, and 1960)**** 
n ~~~~ ~~~ 
.304 194,885 6U 
*** Calculated values of Qa/Qe for 1950, 19521 and 195.3 derived from linear regression equation 
<Xi.2 = .316.8 +4.59612) developed from 1954-60 daily~~~ and sr values. 
-
Calculated values of Qa/~ for 1950, 19521 195.3, 1959, and 1960 derived !rom linear regression 
equation cx;..2 = .326.4 + 4.68~) developed from 1954-58 daily Q/Qe and sr values. 
~ 
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of the cases substituting the estimated values improved the mean 
slightly but not significantly over those of the shortened periods, 
SUch a limited test certainl.Jr is not totall.Jr conclusive, but appeared 
valid to permit the completion of the records of all 10 stations with 
estimated daily values. The substitution would provide a more compar-
able data base from the standpoint of record lengths on which to 
anchor the preparation of the IDQ'lthly insolation maps. Statistics for 
the linear regression relationship used to estimate the miesing daily 
values for 10 insolation stations are given in Tables IX, X, n and 
rl, and XXII'/ to XXXIX. 
One complicating factor remained to be taken care of before 
the missing daily ~~~ values could actuall.Jr be estimated and added 
to the stations' records. Something had to be done concerning the 
correction for snow cover, which was shown to be significant for daily 
values. Should the correction factor be applied to values estimated 
from regression equations calculated from all days, or from just non-
snow days? It was decided that the latter was more correct. To adjust 
estimated snow-day values based on regression determined from all days 
would mean, according to the relative positions of the regression lines 
in Figure 15 • that an overcorrection would be made if the correction 
factor were based on the difference betwsen snow and no-snow days. Con-
sequently, it was determined necessary to develop new linear Qa/~ 
monthly regression equations based only on non-snow cover days which 
would be used to estimate missing daily ~~ values for November 
TABLE XXXIV 
EL PASO, 195<>-60 
~ICl'l AND CORREl-ATION STATISTICS FOR LINEAR 
BmRESSION WITH DAILY VALUES OF ~~~ AND Sr 
Mcmth n sr ~~~ ~.2 ~.2 b2 51.2 ~.2 ~mo R2 1.2 
Jan .304 78 681 268 796 5.277 60 .926 
.857 
Feb 275 79 7ll .321 81.3 4.916 67 .886 
.785 
Mar 279 722 241 818 5·776 61 .90,3 
.815 
Apr 299 86 7.39 290 81,3 ,5.225 .58 .870 
.7.57 
.3.38 88 7.39 .329 79.5 4.66,3 50 .854 
.729 
Jan .325 7.31 ,366 776 4.098 42 .sl6 
.666 
Jul .3.37 78 680 .312 781 4.691 .88,3 
.780 
Aug .325 8.3 712 4ll 775 ,3.6,3,3 51 .765 
.585 
Sep .319 89 721 2,50 779 5.289 7.3 .716 
.,51,3 
Oct .3.3.5 8,3 700 27.5 78.5 ,5.105 49 .9,38 
.880 
N...- .324 85 7ll .301 782 4.8ll .927 
.8.59 
Dec .3.36 82 689 264 782 5.176 .52 .9.39 
.882 
Year .3,796 7ll 297 792 4.954 54 .898 
.806 
149 
TABLE XXXV 
TUCSOI, 1950-60 
RliPRESSION AND CORREUTION STATISTICS FOR IJNE&R 
BmRESSION WITH DAILY VALUES OF ~~~ AND ~ 
Ment.ll n sr ~~~ 11:1..2 XI.2 b2 51.2 ~.2 
when 
a2 X=100 2 1 2 
Jan 139 82 647 173 753 5o804 66 o937 
.878 
Felt 139 8l 662 163 775 6.125 66 .920 
.846 
134 715 217 789 5.715 54 .917 
.841 
Apr 142 91 744 257 790 5.334 42 .889 
o790 
MaJ 151 94 752 265 782 5.169 53 o792 
.627 
Jun 129 91 700 128 758 6.298 56 .870 
.757 
Jul 158 76 640 277 755 4o788 67 .850 
o722 
Aug 174 77 634 331 724 3.926 83 .709 
.503 
Sep 151 92 716 2.85 753 4.686 31 .924 
.854 
Oct. 161 88 681 169 750 5.807 52 .918 
.844 
leT 173 85 683 250 757 5.071 48 o942 
.887 
Dec 173 86 679 219 753 5·336 57 .922 
.850 
Year 1,824 86 686 225 763 5.376 60 .893 
o797 
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TABLE XXXVI 
LAS VIDAS• 1950-60 
R.EGRESSIW AND CORRELATION STATISTICS FOR LINEAR 
RIDRESSION WITH DAILY VALUES OF Q/~ AND Sr 
cv" Month n sr ~.2 Xi.2 b2 51.2 1)..2 
when 2 x:::1oo Ri.2 2 
Jan 273 75 648 264 773 5.093 74 .902 
.814 
Feb 252 82 699 3U 7SO 4.521 94 .769 
.591 
Mar 279 83 725 301 810 5.089 66 .882 
.778 
Apr 267 85 727 297 S05 5.082 60 .891 
.794 
277 89 736 321 786 4.646 63 .762 
.581 
Jun 264 95 755 330 779 4.487 66 .628 
.394 
Jul 278 86 693 234 765 5.308 45 .927 
.859 
310 88 697 255 760 5.048 45 .917 
.841 
Sep 296 93 724 415 749 3-333 71 .594 
.353 
Oct 305 704 323 765 4·4J.9 66 .84,6 
.716 
NOT 297 83 684 352 754 4.022 64 .873 
.762 
Dec 308 so 664 279 760 4.808 so .857 
.734 
Year 3,406 85 704 298 773 4.750 68 .853 
.728 
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TABLE XXXVII 
GRAND JUNCTION, 1950-60 
RIDRESSION AND CORRELATION STATISTICS FOR LINEAR 
RliJJRESSION "WITH DAILY VALUES OF Q/"- AND Sr 
Montll n s ~/Q. r ~.2 Xl.2 b2 51.2 1\.2 
when 2 X=100 
:ii.2 2 
Jan 272 54 59.3 .3.36 81.3 4·774 88 .889 
.790 
Feb 250 59 625 .344 820 4o765 106 .8.35 
.697 
2.37 61 6.32 .306 8.38 5 • .320 .909 
.826 
Apr 249 69 6.35 24.3 814 5.711 78 .909 
.826 
Ma:r 70 647 2S4 soo 5.155 .854 
.729 
J\Ul 222 81 699 274 798 5.249 61 .897 
.805 
Jul 78 685 .32.3 786 4.627 66 .852 
.726 
Avg 266 74 668 295 797 5.017 .908 
.824 
Sep 2.3.3 81 694 285 791 5.056 61 .919 
.845 
Oct 286 76 665 272 789 5.164 70 .91.3 
.8.34 
NeT 292 67 614 .316 759 4·4.38 8.3 .888 
.788 
Dec .305 64 621 .324 786 4.619 87 .886 
.785 
Year .3,122 69 647 .311 795 4.842 81 .886 
.785 
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TABLE XXXVIII 
SALT LAKE CITY • 1950-60 
REGRESSION AND CORRELATION STATIS'L'ICS FOR LHIEAR 
REGRESSION vHTH DAILY VALUES OF '-<a/~ AND Sr 
Month n sr Qa/~ ~.2 X' 1.2 b2 31.2 '1..2 
when 
Rf.2 X;t=100 
Jan 152 38 300 740 4.403 85 .879 
.773 
Feb 56 536 274 739 4.643 86 .882 
.778 
Mar 124 56 544 250 770 5.201 101 .867 
.752 
Apr 136 70 582 176 757 5.814 62 .950 
.902 
May 126 74 612 184 763 5.791 63 .916 
.839 
Jun 93 80 634 1$3 748 5.651 61 .916 
.839 
Jul 101 84 623 113 722 6.089 52 .918 
.843 
Aug 123 82 632 220 726 5.053 59 .872 
.760 
Sep 81 627 200 726 5.:?.54 59 .893 
.797 
Oct 147 76 601 216 724 5.073 70 .917 
.841 
Nov 93 57 520 237 736 4.992 81 .928 
.861 
Dec 120 35 406 206 772 5.656 99 .906 
.sa 
Year 1,504 65 565 241 736 4.951 82 .901 
.812 
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TABLE XXXIX 
BOISJ£1 195o-60 
REGRESSION AND CC!IRET·lTION STATISTICS FOR LINEAR 
REGRESSION WITH DAILY VALUFS OF ~~~ AND Sr 
Month n sr ~/Q. ~.2 XJ..2 b2 ~.2 11..2 
when 2 ~=100 Ri.2 
Jan 257 .35 4.35 254 772 5.179 112 .847 
.717 
Feb 194 50 500 248 74.8 4.998 101 .87.3 
.762 
62 546 200 757 5.56.3 79 .922 
.850 
Apr 2.39 69 595 2.36 755 5.19.3 72 .916 
.8.39 
Kay 270 71 601 248 745 4.969 80 .878 
.771 
Jun 80 628 207 7.36 5.291 82 
·848 
.719 
Jul 298 90 680 221 728 5.07.3 54 .808 
.65.3 
29.3 665 290 717 4.265 61 .796 
.6.34 
Sep 276 86 654 257 720 4.627 69 .8.3.3 
.694 
Oct 299 73 586 217 722 5.053 78 .902 
.814 
Nov 273 54 50.3 234 734 4.994 85 .917 
.841 
Dec .32.3 440 2.38 724 ,4..856 109 .857 
.734 
Year 3,24.3 67 572 240 7.33 4.928 84 .899 
.808 
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through March for Grand Junction, Ely, Salt Lake City, Boise, and 
Spokane. The remainder of the stations either had no days with snow 
cover, or too few to bother with. 
With the data for the 10 stations prepared by the procedures 
outlined above, the next step was to expand the network to the non-
insolation stations by means of the regression relationships. The 
first decision was to ascertain whether linear regression equations 
using daily or monthly values of Sr would be better for calculating 
monthly mean daily ~Q.,· Actually, the decision had already been 
made to use only monthly data in expanding the network of stations 
to those without insolation, but it seemed desirable to test whether 
11111ch would be lost in using monthly means of S rather than deily S 
r r 
to arrive at monthly means of ~Q.,· Table XL contains the statistics 
describing the results of this test. All months with no missing 
~Q., values for Albuquerque, Spokane, and Ely were used. The actual 
means for all months are canpared with the calculated means, and the 
standard errors of residual differences between actual and estimated 
monthly means, as well as the correlation coefficients, are given. 
For the Spokane data, the mean ~Qe based on daily Sr values iB 546, 
which is significantly closer to the actual mean of 549 than is the 
mean of 500 computed from monthly values. However, the difference is 
not extremely large, and in view of this and the closeness of the Al-
buquerque and Ely values, it was decided that the test supports the 
use of monthly Sr to compute monthly ~Qe. 
There are six stations in the Inte:nDDntane region which obsel"V'e 
sunshine but not insolation (see Table VI). Estimation of ~Qe for 
TABLE XL 
STATISTICS FOR TEST TO DETERY.INE WHETHEB RIDRESSION EQUATIONS BASED ON DAILY OR MONTHLY MEAN 
VALUES OF Sr ARE BETTER FOR CAlCULATING MONTHLY MEAN ~~~ 
Actual xl vs. X\ calculated. - -· Actual Xl vs. X~alcul.ated. 
!rom reg. eq. · ased. on .from reg._eq. · s~n 
daiJ.l: Ia valses- monthl7 X2 values 
(ir) (QJQ.) -· a2 -· 2 . n ~ S I R ~ S R R 1 (No. o! 
·:x:..·:x:.. JC:L·xJ. ~·xJ. \. ·~ JC:L ·xJ. ~ ·~ Month8)* ~ ~ 
(For ::Jt.h• 
use4 
- -
Albuquerque 77 79 7l2 7l3 l8 o9l5 .8)7 7J.4. l8 .891 .793 
Spokane 50 55 549 546 49 
·893 .798 500 67 ·742 
Kl.y 
* 
-
*** 
53 73 609 694 3l .046 o4l7 689 34 .640 
Onl.y months with no days with missing ~~~ were used., 
Annual linear regression .formuJ.a. Xlo2 =._f + bi12• USed to calcuJ.ate daily values Which were 
then used to determine monthlT means o.t x1 •2• 
~ ~ 
Annual linear regression !ormul.a• ~:t.2 : a + b~• used. to calcul.ate monthly means o.t ~.2• 
.550 
.uo 
t:: 
"" 
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these six stations with regression equations calculated with data 
!rom the 10 insolation stations could be done in one of several ways • 
.Qm. equation of the form 
(17) 
could be determined f.2!: all J.Q insolation stations and applied to the 
Sr data of the 6 cloud cover stations, aasUIII:I.ng it to be a "regional" 
equation capable of estimating values !or any location in the region. 
The estimates for the 6 stations !rom such an equation could then be 
adjusted !or residual error on the baais of isoline maps of z drawn 
from data !or the 10 insolation stations, as described by Fritz (1949) 
and Mateer (1955). A variation or this approach would be to use tvo 
equations of this type, one !or winter months, the other for sUIDIIIer 
months. Yet another approach would be to calculate equations o! the 
same form as equation (l?) for ~ 2!. the J.Q inso1ation stations and 
somehow apply these to the Sr values o! the 6 sunshine stations. 
Druumond and Vowinckel (1957) did this by choosing subjectively the 
formula from the nearby insolation station with climate most like that 
of the sunshine station in question. A way of handling this in a more 
objective manner would be to attempt to draw isoline maps for the a1•2 
and b2 values of the equations !or the 10 stations, then develop a new 
equation for each sunshine station from interpolated values of the 
coefficients taken fr0111 the map. Still another approach, snd the one 
finally selected for use in this study, wuld be to attempt to establish 
regression relationships between the a1 and b values of the equations .2 2 
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established for each of the 10 insolation stations and certain !actors 
that influence the areal variation o:f' the coe:f'!icients. This was done, 
using station eleTation and the cosine o:f' the station latitude as var-
ia.bles, but before this method is described in detail, the results o:f' 
a test that helped decide its selection will be presented. 
Table XLI contains statistics !or the test to detennine which 
monthly :f'ormula or series o:f' :f'ormulas just described do the best job 
of estimating mean daily Q/Qe for the 10 insolation stations. This 
test, of course, applies only to the data for the 10 stations and can 
really say nothing directly concerning the application of the equations 
to the S stations. However, if the technique of application to the 
r 
sunshine stations is the same as that for the 10 stations in the test, 
as was the case, then tbe test should si,... a good comparative eval-
uation of the different equations since the 6 sunshine stations are 
subject to the same large-scale climatic influences as the 10 insol-
ation stations. At any rate, the in:f'ormation in the table indicates 
that the best estimates for all times of the year were made with the 
regression formulas of the type of equation (17) calculated individ-
ually for each station (No. 2 in the table). It is closely followed 
by the single equation calculated for all 10 stations that was ad-
justed for station elevation and latitudinal influences on the regres-
sion coefficients ~.2 and b2 (No. 3 in the table), which as previous-
ly pointed out was the type used to expand the network to the 6 eta-
tiona. 
The preparation of equation type (3) given in Table XLI was 
as follows. Using all suitable monthly Qe/~ and Sr values, a 
TABLE XLI 
CORRELATION S'I'ATIS'l'ICS FOR TEST TO DETERMINE WHICH MONTHLY 
FORMULA BEST PREDICTS MONTHLY MEAN DAILY Q8/Qe 
March June Seetem.ber December 
R:.:I.xi.:! ~-xi.:! ~-"i .• R~,xi.2 •' 0 "'>·x{., R~·~.2 ~l.lll.2 -z xl.xi.2 R o "' 0 -z 0 xl,xl,2 ~·x1.2 ~··1.2 ~-Jr)..2 
Correlation statistics comparing 
monthly values of 'f1 with: 
1. Xi,2 values calculated fro'f 
one regJ;"esa!on formula (1"1,2 • 
rl + bfXt) for all 10 sta-~a baaed on monthly values 
.sao* .766 .586 .868 40 for all months of the year. .774 40 32 -771 -595 31 -932 
2, ~ 2 values calculated from 
'greas!on formulas (Xi 2 = 
al·i+ b2'f%) for ind!vi Ual 
a a ions ased on monthly 
values for all months of the 
year, .880 .774 35 .86o .739 22 .878 -771 23 ,g66 .934 28 
3. Yi.2 values calculated from 
rne regression formula 
'f~ r· ~a~ b'H} +(a~+ b11 H + 
b- 0 ~ - for all 10 sta-
tiona bas on monthly values 
.850 26 .944 .891 for all months of the year. .880 .774 38 .840 .705 25 -723 33 
4, 'Xi 2 values calculated from two 
rekreaaion fol'lllulas <'l.2 = •1.2+ b2~) for all 10 stations; one baaed on winter months (Oct-Mar), 
the other on summer months (Apr- •• ... ••• 
.942 •• Sep). .890 .793 38 .720 .518 33 .644 .415 38 .887 37 
-o 5. x1 2 values calculat]1 from two 
reS:reaaion formulu i 2 =(a' j 
b'H) +(a• + t:!'H + b cOs~) X2 
for all 10 stations; one baaed 
on winter months (Oct-Mar), the 
other on summer months (Apr- •• 
.823··· .ass• .. .944** Sep). .88S .794 31 .678 26 .736 25 .891 34 
Each group of correlation statistics is computed from SO sets of ~ and ~r monthly values (5 from each of the 10 stations) 
selected at random from months with 3 or less days missing. 
•• Regression formula based on winter months (Oct-Mar) used to compute X~.2 • 
0 
... Regression fc;~•mula baaed on summer months (Apr-Sep) used to compute 'f1•2 
~ 
~ 
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regression equation of the form of equation (17) was prepared for 
each of the 10 insolation stations within the Intermontane region 
and for 4 insolation stations (Seattle, Great Falls, Fresno, and 
Lander) located just outside the Intennontane region. The coef-
ficients ~.2 and b2 from the resulting 14 equations were used as 
dependent variables to establish regression relations with various 
geographic a.nd climatic factors suspected of influencing the a.rea.l 
variation of the coefficients. However, before describing these 
regressions some expla.na.tion needs to be given of the certain char-
acteristics of coefficients. They are, of course, essentially statis-
tical values that control the slope of the regression lins and its 
intersection with the zero-value-axis of the dependent variable of 
the regression. In the relationships used in this study they ha.ve 
additional meaning. The coefficient a1 •2 is the threshold value for 
Qa/~ with zero percent sunshine. In other words, it is a.n expression 
of the average value of ~~~ with zero sunshine (or with thick, over-
cast sky), thus being somelihat akin to lngstr&n 1 s constant ex • This 
fact, however, is really valid only when the data on which the relation-
ship is based includes several values at or near zero percent sunshine. 
If this interpretation is given to ~.2, then it ceases to be just a 
statistic a.nd takes on physical meaning. As a physical quantity, ih 
magnitude may be governed to some extent by certain geographic and 
climatic influences. It is possible that factors such as station 
elevation, average optical air mass, and climatic factors related to 
cloud types could cause areal variations in the size of the coef-
ficient. The companion coefficient b2 gives the average rate of change 
or ~Cle for unit changes in sunshine ani it also might be expected. 
to be subject to influences from some of these geographic and clim-
atic variables. 
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With the physical meaning or these two coefficients in mind, 
they were tested for association with station elevation above sea 
level as expressed in feet (H) and as mean station air pressure (j5), 
ani with the cosine or the station latitude. A plot of the coef-
ficients against H is shown in Figures 24 and 25 and indicates a def-
inite systematic association for both with elevation. Table XLII 
indicates the various regression relationships between the coeffic-
ients and station elevation and latitude for all months, winter 
months and summer months. The R and a" statistics con:Ci.rm the fact 
shown in Figure 24 that a1 •2 is closely associated with H and p, 
but em the other ha.Bi, indicates only very weak dependence on cos p. 
Application or Fisher's method for testing the reliability or observed 
correlations was 111ade because or the smell sample size, and indicates 
that the chances are 19 out of 20 that the true value of R for the 
a1 •2-H regression is at least 0.610, compared to the 0.825 value for 
R shown in the table. The coefficient b2 on the other hand seems to 
be meaningful related to both station elavation ani cos p. 
On the basis or the statistics in Table XLII it was decided 
to substitute the regression relation or ~.2 with station elevation 
(H), and or b2 with station elevation (H) and cos p for the values or 
the coefficients themselves in the basic regression 'ld. th the rom or 
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Figure 24. The 14 stations include the 10 insola.tion stations of the Intermontane 
region and Fresno, California, Seattle, Washington, Missoula, Montana, and Lander, 
Wyoming, located on the periphery of the region. 
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TABLE XLII 
CORRELATION STATISTICS FOR LINEAR RmRESSION OF ~ 2 AND b2 VALUES FOR 14 STATIONS WITH H, p, AND cos • 
VALUES FOR 'mE SAME STATIONS* 
Values of a1.2 and ~ Obtained !rom Linear Regression 
!or Each of the Stations Individ~y Using 
Monthly Values of ~/Q8 and Sr 
16.3 
All Months Winter Months S11111mer Months 
~Oct-Mar) ~!l;!r-Se;e l 
Variables 
....!! R L ....!! R L ....!! .....!L. 
a1.2; H 14 .!!25 .681 14 .791 .626 14 • .367 
~.2; P' 14 -.8.3.3 .694 
~.2; cos 14 .0.32 .010 
a • -1.2' p, COli 14 .8.34 .695 
b2; H 14 -.692 .479 
b2; p 14 .704 ·496 
b2; cos 14 .216 ·047 14 .324 
b2; P'. cos 14 .754 .569 
b2; H, cos 14 .7.34 .539 14 .715 .511 
* The 14 stations include the 10 stations of the study area with 
insolation values and Fresno, Seattle, Lander, and Great Falls 
located outside the study area. 
1. 
.1.35 
.105 
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equation (17). In other words, from the regression equations 
(27) 
and 
b = 2.755 • .OOJ08H + J.20lcos ~ 
2 
substitutions were made in the basic equation 
1L =a+bX ~.2 1.2 2 
to produce 
(28) 
(17) 
~.2 • (201.8 + .OJ658H) + (2.755- .00308H+ 3.20lcos ~)X2 • (29) 
The testing of this equation on data from the 10 insolation stations 
had already been presented (see Table m and supra., p.l58). 
Equation ( 29 ) was applied to the monthl.J' values of Sr for the 
6 sunshine stations in order to estimate monthzy mean daily Qa/Qe. 
From these estimates, a period-of-record mean dail.J' Qa/~ was computed 
for each m:mth of the year for each station and transferred into a Qa 
value through Jllllltiplication by Qe• These last values are shown in 
Table mii and the Qa values are platted on the monthly maps com-
prising Figures 26 and 271 as the insolation values enclosed in quo-
tation marks (e.g., the "318" value for Yuma in January shown in 
Figure 26). The procedure just described was also applied to 4 sun-
shine stations - Pueblo, Red Bluff, Portland, ani Missoula -- located 
just outside the region. 
Twelve cloud cover stations,lO within the region and 4 outside, 
remain to be included in the network. With the calculation of 1950 to 
196o monthly mean ~ values for the 10 regional and 5 extraregional 
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TABLE XLIII 
R:&lRESSION AND CORRELATION STATISTICS FOR M:lJLTIPLE LINEAR REGRESSION 
OF ~WITH Cd AND H,_ysiNG P:ERIOI>-OF-RJ!'&ORD VALUES FRCM 23 STATIONS 
(Xi_.3H : a1.3H + b3 ~ + bH H) 
Mo. n a1.3H b3 bH s R :a.2 
Jan 23 968 -7.382 .020 28 .980 .960 
Feb 23 905 -6.30 .021 25 .978 .956 
Mar 23 929 -6.28 .015 26 .968 .938 
Apr 23 880 -5.50 .017 21 .970 .942. 
May 23 841 -5.07 .016 17 .980 .961 
Jun 23 779 -4.17 .01,3 31 .937 .878 
Jul 23 711 -2.38 .011 30 .688 .474 
Aug 23 753 -3.55 .011 49 .691 .477 
Sep 23 763 -4.46 .01,3 l6 .975 .951 
Oct 23 800 -5.22 .Ol.5 21 .980 .960 
Nov 23 821 -5.70 .019 27 .977 .955 
Dec 23 885 -6.51 .018 32 .944 .891 
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insolation stations, a!ld !or the 6 regional and 4 extraregional sun-
shine stations, a network o! 25 stations with actual or estimated in-
solation was prepared, The l2 cloud cover stations included next are 
scattered throughout this net'WOrk in a manner that should make them 
liable to the same general influences as the 25 stations o! the net-
work, therefore, the technique just applied to the Sr stations should 
work well on the l2 stations, with, o! course, Cd being substituted !or 
Sr as the unifying variable. However, instead o! exactly repeating the 
procedure used on the sunshine stations, it was decided to vary the 
method, one o! the purposes o! this study being to examine different 
methods o! estimating insolation. 
0! the 25 stations thus far included in the network, 23 have 
monthly mean daily Cd available, Period-of-record monthly means o! 
Cd were computed !or each o! these 23 stations a!ld were used as an 
independent variable, along with station elevation, H, to establish 
a multiple linear regression with the period-of-record Qa values !or 
the 23 stations. This was done !or each month o! the year. The 
regression coefficients and correlation statistics !or the twelve month-
ly period-of-record relationships are listed in Table XLIV. With the 
exception o! July and August, Rand If- values lie well above .900, 
and S values are small !or all months, indicating that the method should 
provide estU!ated values that are very reliable. The relatively low 
R1s, and yet at the same time the Slll&l.l S values, !or July and August 
are probably explained by the flat gradient o! Qa and Cd throughout the 
167 
region for these months. An additional fact is that the value of Cd 
is near zero for most stations. Thus, a large part of the variance 
in Qa is explained by factors other than Cd and H, such as smoke from 
forest fires and dust. With the monthly regression equations est-
ablished, they were applied to the 19.50-196<> monthly mean da.ily Cd 
values for the 12 cloud cover stations to get an estilllated ~~~ 
period-of-record value. These were then converted to Q, values which 
are shown in Table XLIII. They appear on the maps as values enclosed 
in parentheses, for example, the (.301) value for Flagstaff in January 
shown in Figure 26. 
The above final procedure completed computations of 1110nthly 
values !or the network of insolation stations. With this accomplished, 
l2 isolinal maps of monthly 11111sn daily insolation were drawn. Lines 
were drawn in a highly generalized manner !or the principal surface 
elevation zone, .3,281 to 6,562 feet (supra., p. 7 ) of the region at 
line intervals of 50 ly. The topographic map (Figure 1) was consulted 
in drawing the isolines, but only to provide general guidance in making 
adjustmEnts !or major changes in relief. It is true that un:ier con-
ditions of clear skies insolation increases with increasing elevation, 
but cloud cover also increases with elevation in the Intermontane 
region. Thus, the variation of insolation with height other than 
shown by the station data used in the study cannot be known. Too lllllllY" 
maps are prepared with fancy adjustments !or relief and other geo-
graphic variables based on extremely tenuous assumptions. 
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Figure 26o Hean Daily insolation is plot-
ted on the maps in langleys; cloud cover in 
tenths of total sky covered with clouds; sunshine 
in percent of possible. 
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TABlE XLIV 
MEAN DAILY Q , Q /Q , AND Q VALUES BY MON'l'H FOR THE PERIOD OF RECORD ( 1950-60) 
e a e a 
PART A. STATIONS WITH Q.JQ0 AND Qa BASED ON PYRHELIOMETRIC OBSERVATIONS 
Jan Feb Mar ...!E.!: ~ ~ Jul ~ ~ Oct ~ Dec 
Rivgrside (----) ~ 458 579 732 872 965 1 1 001 982 908 784 631 493 421 (33 58'; 1,050 rt.) 
Q/Qe .583 .608 .634 .632 .663 .665 .667 .668 .639 .635 .622 .595 
~ 267 352 464 519 610 664 653 606 524 403 313 262 
Fresno (389) Qe 417 543 704 857 963 1,005 984 900 761 598 455 379 (36046•; 282ft.) 
Q./~ .460 .549 .624 .639 .668 .701 .683 .694 .668 .644 .549 .438 
Qa 192 298 439 547 643 705 672 625 508 385 250 166 
Lander ( 576) ~ 328 460 639 819 953 1,008 981 873 707 522 366 290 (4~ 48•; 5,558 rt.) 
Qa/Qe .670 .691 .695 .673 .624 .673 .670 .671 .673 .674 .649 .674 
Qa 220 318 444 551 595 678 657 586 476 352 238 195 
Medrord ( 597) ~ 334 467 643 823 953 1,008 981 875 712 528 373 296 (4~23'; 1,329 rt.) 
Q/Q. .518 .584 .646 .629 .526 .345 .458 .612 .711 .691 .402 .310 
~ 115 214 333 481 583 651 697 605 448 278 150 92 
SetJ'tle (793) ~ 259 394 584 783 939 1,005 972 846 660 460 298 223 (4 26•; 388 ft.) 
Q/Q. .297 .353 .435 .513 .527 .506 .576 .533 .491 .396 .336 .282 
Qa 77 139 254 402 495 509 560 451 324 182 100 63 
8 
TABLE XLIV (Cont.) 
PART B. STATIONS WITH~· AND Q&• BASED ON LINEAR REGRESSION 
OF MONTHLY VALUES OF Sr, cos (6, AND H WITH ~ FROM 14 STATIONS 
WITH !'YRHELIOMETRIC OBSERVATION 
Jan Feb ~ __.!E!: ~ Jun Jul ~ _.§ru! Oct Nov Dec 
Yuma ( 280) ~ 476 595 743 878 966 999 980 911 793 645 512 441 (3~40'; 206ft.) 
Qa/'le' .699 .694 .700 .719 .734 .737 .700 .714 • 726 .720 .702 .677 
_, 
318 413 Qa 520 632 709 736 686 650 576 464 359 299 
Prescott ( 372) Qe 448 570 726 868 965 1,002 982 906 778 623 484 411 (34°39'; 5,022 ft.) 
Qs/Qe' .653 .679 .694 .704 .726 .740 .669 .658 .716 .703 .695 .675 
Q.• a 293 387 504 611 700 741 657 596 557 438 336 277 
Pue!l1o ( 464 ~ 'le 395 523 689 850 961 1,007 983 893 748 582 434 357 (38 14'; 4, 6ft.) 
Q8 /'le ' . . 660 .653 .639 .632 .633 .671 .669 .670 .678 .671 .668 .660 
~· 261 341 440 537 6oS 676 657 598 507 390 290 236 
Rens (488) ~ 377 506 675 841 959 1,008 982 888 738 564 415 338 (39 30'; 4,400 ft.) 
Qal'le' .598 .635 .652 .673 .683 .698 .715 .727 .713 .690 .654 .617 
~· 226 322 440 566 655 704 702 645 526 389 272 208 
Pocatello (578) 
'le 327 458 637 818 952 1,008 980 873 7o6 521 364 288 (4~55'; 4,478 ft.) 
Q/Qe' .483 .544 .578 .615 .617 .645 .672 .667 .669 .630 .547 .510 
Q' a 158 249 368 503 587 650 658 582 472 328 199 147 
Wi~emucca (583) 
'le 357 487 661 833 957 1,008 981 882 725 546 394 318 (40 54'; 4,339 ft.) 
~l'le' .677 • 521 .562 • 570 .614 .628 .661 .680 .695 .641 .597 • 552 
Qa' 186 273 376 512 601 661 667 613 491 350 235 176 
1-' ~ 
TABlE XLIV (Cont.) 
PART B (Continued) 
Jan Feb Mar ...!E.!: ..l!!l_ Jun Jul ~ ~ Oct ~~ 
Red Bluff (591) ~ 367 497 669 838 958 1,008 982 885 732 555 405 328 ( 4QOog'; 352 ft.) 
Q/Qe' .441 .535 .579 .605 .644 .669 .703 .695 .688 .633 .553 .491 
Q' 162 266 387 507 617 674 695 615 504 351 224 161 
a 
Por~land ( 698) ~ 287 421 608 799 945 1,007 976 857 681 486 326 250 (45 36'; 39ft.) 
Q/Qe' .256 .357 .371 .443 .441 .429 .545 .504 .491 -393 .354 • 310 
Q' a 74 150 226 354 417 432 532 432 334 192 115 78 
Missoula (773) Qe 267 400 591 788 940 l,Oo6 974 849 666 468 306 231 (46036°; 3,189 ft.) 
~~~· .423 .459 .492 .525 .531 .541 .635 .604 .583 .509 .460 .430 
Q' a 140 154 291 414 499 544 619 513 388 238 141 99 
Walla Walla (---l ~ 281 413 601 794 942 1,007 974 854 675 479 319 243 (46004'; 926ft. 
Q/Qe' .343 .4o6 .472 .532 .553 -575 .653 .629 .600 .522 .397 .324 
Q' a 96 168 284 423 521 579 636 537 405 250 126 79 
~ 
TABlE XLIV (Cont.) 
PART C. STATIONS WITH ~' AND "Q;• BASED ON LINEAR REGRESSION OF 
PERIOD-OF-RECORD VAL S F C~ AND H WITH ~FROM 13 STATIONS · 
WITH PYRHELIOMETRIC OBS RVATIONS AND '' FROM THE 10 STATIONS IN PART B OF THIS ABLE 
Jan Feb Mar ...!E.£ ~ Jun Jul -...!!!! ~ Oct ..J!2.Y Dec 
Roswell ( 268) Q, 466 587 738 875 966 1,000 981 910 788 638 501 430 ( 33°24'; 3,619 ft.) 
~· .680 .699 .695 .7.0 .688 .684 .645 .657 .683 .676 .702 .678 
Q:"• 
a 317 410 513 621 664 684 632 598 538 431 352 292 
Wi~low ( 374 ~ ~ 443 566 722 866 965 1,003 982 904 776 619 479 406 (3 01'; 4,8 0 ft.) Q,/Q.· .655 .713 .721 .726 .729 .738 .652 .646 .718 • 721 .720 .675 
Qa' 290 404 521 629 703 740 640 584 557 446 345 274 
Fla~staff (375) Q; 441 564 720 867 964 1,003 982 904 774 617 477 403 (35 12'; 6,907 ft.) 
Q/Q.· .682 .744 .733 .728 .747 .760 .663 .642 .728 .734 .758 • 725 
~· 301 420 528 631 720 762 651 581 564 453 362 292 
Bakersfield (384l Q,;" 437 561 716 864 964 1,003 982 903 773 614 473 399 (35°25'; 492ft. 
Q,/Q,' .469 .569 .610 .646 .687 .731 .688 .719 .707 .682 .579 .478 
~· 205 319 437 558 662 733 676 650 547 419 274 191 
Milford ( 475) Qe 393 521 686 848 960 1:.007 982 891 747 577 431 354 (38°24'; 5,097 ft.) ?QQ;• .593 .624 .649 .664 .661 .719 .673 .676 .699 .698 .650 .601 
Cl,' 233 325 445 563 635 724 66i 603 522 403 280 213 
Bishop (480) Qe 408 534 696 854 962 1,006 984 896 756 590 445 363 (37°22'; 4,145 ft.) 
Qa!Qe' .632 .691 .no .703 .701 .741 .696 .734 .722 .720 .IS7B .674 
Q.• a 258 369 494 600 675 745 685 657 546 425 302 245 
e 
TABLE XLIV (Cont.) 
PART c {Continued) 
Jan Feb Mar _!EE. ~ Jun ...:l!!.! ~ ~ Oct Nov Dec 
Elko { 582) Qe 358 488 661 833 957 1,008 981 882 726 546 395 319 {40050'; 5,077 ft.) 
~· .533 .610 .598 .619 .625 .678 .690 .712 .699 .660 .609 .561 
Q.:"• 
a 191 298 395 516 598 683 676 628 507 360 240 179 
Burna {683) Q,;" 316 449 629 813 950 1,008 980 868 700 513 355 278 {43°35'; 4,162 ft.) 
Q,/Qe' .470 .528 .553 .609 .605 .624 .703 .684 .677 .600 .547 .486 
~· 148 237 348 495 575 629 68g 594 474 308 194 135 
Pendleton { 688) 1'. 285 418 605 798 944 1,007 976 857 679 484 324 248 {45°41'; 1,495 ft.) 
~· .438 .427 .488 .542 .562 .573 .676 .663 .609 .524 .427 .372 a e 
Qa' 125 178 295 432 530 577 659 568 414 254 138 92 
Meacham { ---) Cle 288 421 607 799 944 1,007 976 856 680 486 327 250 {45"30'; 4,050 ft.) 
~· .393 .454 .464 .535 .552 .564 .69o .661 .608 .504 .452 .412 
~· 113 191 282 428 521 a 568 674 566 414 245 148 103 
Yakima {781) Qe 317 449 630 814 950 1.,008 979 868 700 509 355 278 (46"34'; 1,066 ft.) 
"QQ;• .385 .450 .499 .546 .550 .559 .666 .654 .590 .498 .425 .377 
Qa' 122 202 314 444 522 564 652 568 413 253 151 105 
Lewiston {783) Qe 275 409 597 793 942 1,007 974 852 671 474 313 238 {46"23'; 1,436 ft.) 
Q,/Q. ' .377 .401 .455 .519 .535 .543 .663 .637 .577 .492 .392 .365 
Q' 
a 
104 164 272 411 504 547 656 543 387 233 123 87 
~ 
CHAPTER VI 
ANALYSIS OF THE AREAL AND TEMPORAL DISTRIBUTION OF 
THE INSOLATION CLIMATE OF THE INTERM!:ETANE REGION 
Introduction 
The empirical relations and relative significance of various 
climatic factors to insolation in the Intennontane region have been 
established without regard to their areal and temporal distribution. 
The use of regression analysis permitted the preparation of insol-
ation maps of the region, but neither the maps nor any of the dis-
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tributional features of the insolation climate of the region has been 
examined. This chapter will deal with that important aspect of the 
insolation climate of the Intermontane region. In addition to insol-
ation, considerable attention will be given to various climatic, top-
ographic and other factors that influence, both in time and space, the 
distribution of insolation in the region. These factors are as integral 
a part of the insolation climate as insolation itself. 
The outstanding feature of the distributional pattern of insol-
ation in the region, as shown by monthly maps in Figures 26 to 37, is 
a strong south to north gradient during most 110nths of the year. The 
gross features of this pattern are determined principally ~ the lat-
itudinal distribution of extraterrestrial solar energy, which in turn 
is controlled ~ the length of daylight aoi the zenith angle of the 
sun. The gross pattern is also affected by a strmg latitudinal dis-
tribution of the frequency of storm systems and associated sky obscur-
ing phenomena. Only for a brief period during sumaer does the latitudinal 
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distribution of these controls weaken and permit a breakdown of the 
south to north gradient. At this time, the gradient disappears en-
tirely or shifts to a west to east orientation. Meso-scale alter-
ations of the basic distributional pattern are determined by regional 
variations in the elevation of the land surface, by variations in sky 
obscuring phenomena not related to the principal latitudinal distribu-
tion of storms, and possibly by variations of sky obscuring phenomena, 
such as urban 111110ke pollution and SliiOke !rem forest fires that are largely 
culturally induced. 
The Basis for the Areal and Temporal Distribution Patterns of 
Insolation Climate 
Latitude is the principal factor in determining the nature of 
the distribution of insolation throughout the Intermontane region. 
From south to north, the region stretches from approximately 310 30 1 N. 
to 480 00 1 N., or across some 16° 30 1 of latitude. The length of the 
period of daylight for any given day a!¥1. the zenith angle of the sun 
are direct functions of the cosine of the latitude and across this 
range can cause cmsiderable variation in the amount of daily extra-
terrestrial radiation available for insolation before atmospheric 
scattering a!¥1. absorption perform their work. Table I, p. l4 ahows 
that on December 21, El Paso has more than twice as DDlch extraterrestrial 
energy available (Qe = 448 ly) as Spokane (~ = 2l3 ly). Since this is 
the date of the winter solstice, it is the td.me of maximum difference 
in ~ values between north and south, but the disparity in values remains 
significant for all but a brief period from May through July. At the 
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time of the equinoxes, for example, the value of Q. at El Paso is 776 
ly compared with 614 ly for Spokane. At the time of the sUIIIIIler sol-
stice, the comparative size of the values is reversed; 1,010 1y at 
Spokane, and 999 ly at El Paso. 
Latitude also directly controls optical air mass, which in turn 
infiuences the amount of eMrgy subtracted from the solar beam by the 
atmospheric scattering and absorption. In general, optical air mass 
tends to intensify the south to north gradient. At all times of the 
year the value of optical air mass in the region increases with alti-
tude, consequently, other things being equal, losses from the solar 
beam due to scattering and absorption are always greater at higher lat-
itudes. Since optical air mass is a function of the secant of the 
zenith angle of the sun, the greatest difference in losses between 
south and north should be in the winter. Howver, it will be seen in 
a later discussion involving the joint affect of optical air mass and 
precipitable water vapor thet this is not always the case (infra., P·228). 
A basic factor in the insolation climate of the region is elev-
ation of the land surface above sea level. The role of elevation is 
complex. In the preceding chapter, it was shown that it is an important 
quantitative variable in empirical relations with insolation, and as 
such it was used to assist computing non-observed insolation plotted on 
the monthly maps. Considering only the major plateau and basin sur-
faces in the region, increasing elevation usually causes an increase 
in insolation. However, this may not always be the case since with 
certain weather types cloud cover may be greater on the higher surfaces 
than on lower. If the mountain msses of the region are considered, 
the affect of cloud cover becomes highly uncertain since nothing 
quantitative is known concerning the regime of clouds within their 
borders.1 Since elevation not only affects cloud cover, but almost 
every other variable related to the distribution of insolation, a 
brief sketch of the distribution of surface relief in the region 
follows. 
f 
The Intermontane region is dominated by moderately high basin 
and plateau surfaces. From Figure 1, p. 7 , it can be seen that the 
most c01111110n range of elevations is between approximately 3,300 and 
6,600 feet. In the north, the area of the Columbia Plateau is dom-
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inated by this elevation range, with the exception of the river basins 
near the Oregon-Washington border which are mostly below 1,500 feet and 
drop to less than 600, and the basin in which Boise lies which averages 
less than 3,000 feet. Most basin surfaces in the Basin and Range prov-
ince are between 3,000 and 6,000 feet, although in the southwest there 
are sizeable areas considerably lower and some that drop below sea level. 
In fact, very few of the basins in southeastern California and southwest-
ern Arizona lie above 3,000 feet ani more than half of this area is be-
low 2,000 feet. The highest basin station in this area is Tucson at 
approximately 2 1 500 and Ywa is only 200 feet abon sea level. The 
1Tbis is also true of all other quantitative variables related 
to insolation and is the reason the discuesion of insolation climte 
in this study is limited to the plateau and basin surfaces of the 
region. 
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low elevations in this area of predominate:cy clear skies keep insol-
ation values somewhat below the excessively high values they would 
reach if the area were aa high as SOllie of the plateaus to the east 
and north, Of course, the low elevations contribute to rareness of 
cloud cover, thus the relationship is not a simple and direct one, 
The area of the Colorado Plateaus is the highest in the Intermontane 
region. No sizeable area is below 5,000 feet, and plateau surfaces 
rise to 9,000 and ll,OOO feet in northern Arizona a:ai southern Utah. 
When skies are clear, the combination of high elevation and souther:cy 
latitude produce the highest dai:cy insolation totals known in the 
Intermontane region. Hawver, with certain weather patterns, high 
altitude also means greater cloudiness with the result that IIIUch of 
the time the higher plateau surfaces receive less insolation than 
nearby low-elevation basins. 
Ranking second only to latitude as a basic factor in determin-
ing the distributional pattern of insolation in the Intermontane region 
are the prevailing seasonal weather types and associated eky obscuring 
phenomena. The distribution of ston1111 and fair weather among these 
weather types during 1110st of the year adds to the intensity of the south 
to north insolation gradient. Only during a brief period in mid-summer 
does the south have a greater incidence of storms and cloud cover than 
the north. The prevailing weather types, along with elevation of the 
land, is a basic factor under:cying the occurrence of climatic elements 
related to the distribution of insolation; therefore, the seasonal 
weather patterns will be discussed in same detail. 
Two of the salient features of the weather and climate of the 
Intermontane region, moisture deficiency and low incidence of cloud 
cover were mentioned in the introductory chapter. A third salient 
feature with strong influence on the insolation regime is the same-
ness of the weather or the persistence of certain weather types. 
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Long periods, consisting of many days and sometimes weeks of similar 
weather, occur due to the stagnation of pressure systems over the area. 
This trait is most highly developed in the south and particularl:r applies 
to periods of fair, sunny weather that may occur any time during the year. 
In the north, prolon&ed periods of overcast -weather are coDIIIOn during 
winter. Since this is a brief treatment, the discussion will be limited 
to summer and winter conditions. 
During the high sun season, the North Pacific subtropical high 
dominates prevailing air movement over the entire region, Since the 
western United States experiences circulation associated with the east-
ern side of this anticyclonic cell, air masses received from it are 
characterized by marked subsidence and stability. As this anticyclone 
intensifies and moves northward during the transition from spring to 
summer, an accompanying marlted weakening and northward movement of the 
Aleutian low and other centers of cyclogenesis occurs. Thus throughout 
the long summer period, stable air flowing from the northwestern quad-
rant of the Pacific high enters the region week after week and produces 
clear, rainless weather over the Intermontane region. The length of the 
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period of anticyclonic dominance varies from almost the entire year in 
the extreme southwest to from June through early September in the far 
north. 
Leighly's (1956, pp. 26-27) description of the "normal summer 
weather" of the southern half of the Intennontane region can, with a 
few modi.t'ications, be used to describe the swmner weather o.t' the entire 
region. The daily persistence of clear skies at this time of year is 
maintained by a ridge of high pressure lying over the region aloft and 
oriented to encourage steady now of air .t'rom the west and southwest. 
As the Pacific maritime air in this circulation moves inland it is 
quickly heated producing rapid mixing of the moist surface air with 
dry air aloft, and stratus or stratocumulus clouds that may have ex-
isted along the coast disappear. Furthermore, the extreme stability of 
the air alo.t't prevents surface heating .t'rom forming deep convective 
currents and massive convective clouds, except over high mountain sum-
mits. Clear, sunny weather may last .t'or days when this pattern is well 
established. This .t'air weather pattern is interrupted occasionally in 
the north by invasion of cyclonic storms. Entering maritime Pacific 
air, now less stable aloft, may produce widespread convective clouds 
and showers over Washington and northern Oregon and Idaho. In spite 
of the occurrence of these summer storms in the north and not in the 
south of the Intermontane region, the north actually experiences less 
cloud cover than the south during July, August, and early September. 
This is due to the fact that most o.t' the storms pass .t'ar to the north 
of the Intennontane region or are undergoing cycloysis as they move over 
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the region, while at the same time the eouthem part of the region is 
subjected to an invasion of relatively unstable and moist maritime 
tropical air that produces widespread cloud cover. 
During periods of Leighly's "normal summer weather, n the flow 
of air over the southern part of the region imports, especial.l;r during 
July, August., am early September, maritime tropical air that origin-
ated in the western Atlantic or Gulf of Mexico. Such air is marked by 
high moisture content and often is conditionally unstable only to the 
extent that instability showers occur after uplift over high mountains 
and plateaus or when the air is subjected to extremely strong surface 
heating. When air flow from the Gulf of Mexico is stronger than ord-
inary, SUIII!Ier showers may break out on several consecutive days as far 
north as southern Oregon and Idaho. During such periods, stations at 
high elevation receive general rain and cloud cover while at lower el-
evations convectional showers arxl moderate cloud cover occur. There 
apparently is a direct relationship between elevation and the diurnal 
regime of such cloudiness and showers. Sellers (195$, p. 35) reports 
that the cloud cover maxima for July occur in mid-afternoon at Flagstaff 
and Prescott (high plateau location), late afternoon at Winslow (inter-
mediate plateaus), early evening at Tucson (upper basin), late evening 
at Phoenix (intermediate basin), and early morning at Yuma (low basin). 
This, of course, has considerable bearing on the diurnal course of in-
solation at these stations. According to Bryson and Lowry (1955, p. 334), 
the initial seasonal onset of this showery and cloudy weather occurs 
suddenly about the same time each year near the beginning of July, and 
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is associated with the sudden withdrawal northward of a broad, westerly 
flow of air from the Pacific. The now of maritime tropical air into 
the region usually ends early in September, and fair, SlllllV weather is 
re-established and lasts through the fall. In the extreme south, this 
condition persists throughout the winter except for infrequent inter-
ruptions from occasional passing sto:nu. Obviously, the farther north one 
proceeds, the earlier winter weather patterns become established with 
their attendant heavy cloud cover. This change to winter condi tiona 
and cloudy skies may occur as early as September in the Spokane district. 
Dur.i.~ winter, there is great contrast in weather between the 
northern and southern parts of the Intermontane region. The extreme 
south remains under the control of the Pacific anticyclone much of the 
winter and consequently experiences lll8.llY days, even weeks, of clear, 
sunny weather. A few weak storms do swing south over Arizona and New 
Mexico, but produce little active weather. Leighly (1956, p. 29) de-
scribes this "normal winter weather" type and states that it may occur 
at any time during the winter and persist for possibly .3 or 4 weeks. He 
refers to it as "normal" because it occurs more often than other types, 
"· •• and because it is the type that appears spontaneously ••• when 
the atmosphere is not disturbed by the incursion from the north of the 
more active circulation that the westerlies display in higher latitudes~ 
(ibid.). Basically, it is created by stagnation of relatively dry air, 
usually Pacific maritime polar air that has been partly dried out in its 
passage over the western mountains. Strong nighttime radiation losses 
and only moderate daytime heating combine to steadily lower temperatures 
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in lower levels until a weak surface high is established over the 
Great Basin and the southern Columbia Plateau. The condition is 
intensified by the anticyclonic flow of air aloft from the southwest. 
This "normal" winter weather pattern may lead to fog develop-
ment in many basins, especially those in the north. Most instances 
of fog occurrence, however, are due to radiational cooling, and such 
fogs burn off early in the day with only slight effect on insolation 
totals. But if the pressure pattem remains stagnant for many days, 
which happens almost every winter, radiational cooling and the result-
ing ground inversion may proceed far enough to produce thick fog that 
cannot be dissipated by solar heating. SUch fogs may persist for 
several days in low basins. Fog or low stratus clouds also form in 
basins due to mixing between cold, residual air at the surface and 
warmer, advected air that has crossed the westem mountains. Several 
days of rather dense fog of this type occur each winter in the basins 
of the Columbia Plateau (Phillips, 1960, P• 3). The incidence of 
persistent fogs that would appreciably retard seasonal totals of in-
solation is high only in the north. Spokane averages near 15 a year, 
nearly all occurring in winter; southward to Boise the frequency drops 
to 5; and farther south it is everywhere less than 5 (Climate and Man, 
P• 737). 
A second type of winter weather is produced by Pacific cyclones 
and frontal systems that cross the region from west to east. January 
is the month of highest storm frequency in the south (Leighly, 1956, 
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p. 29), while in the north both January and February are stol'~Jtr mmths. 
In the latter area, several storm systems IIIBiY pass in rapid sequence, 
producing a prolonged, continuous period of dense cloud cover. Cloud 
ceiling data presented b.r Hunter, Foster and Scott (1959, pp. 351-356) 
indirectly indicates the frequency of storminess in the region with 
accompanying reduction of insolation. During December, January and Feb-
ruary, the section north of the southern borders of Oregon .and Idaho 
have cloud ceilings below 2,000 feet on 20-25 percent of the days. 
Southward from the Oregon and Idaho borders to central Nevada and Utah 
the percentages drop rapidly, then level off, but remain greater than 
5 percent throughout most of the area to the south. It is obvious that 
the southem half of the region is not subjected to the repeated occur-
rence of prolonged thick cloud cover colll!lon to the north in winter. 
A third but less colll!lon type of winter weather is associated with 
westward invasions of polar continental air across the Rockies. Occasion-
ally, strong invasions of this air reach the extreme southern part of the 
region, but frontal contacts between the continental air and Pacific air 
have been observed most frequently in the vicinity of Spokane, indicat-
ing that most do not pass IIDlch beyond this point (Gerlach, 1938, p. 376). 
Frontal cloudiness IIIBiY develop along the leading edge of the invading 
air mass, but such cloud cover seldom lasts long and several days of 
clear weather usually follows. More importantly, snow often preceeds 
these outbreaks and remains on the ground for several days because be-
low freezing temperatures characterize continental air. 
Analysis and Evaluation of the Insolation Clilllate 
The patterns of insolation revealed by the maps present no 
real surprises, being those expected from what has been learned al-
ready of the various clilllatic snd geographic factors controlling 
insolation in the region. 
196 
It has been pointed out repeatedly that the most conspicuous 
distributional feature of the insolation climate is the pronounced south 
to north latitudinal gradient and that this characteristic is strongest 
in mid-winter when earth-sun latitudinal effects and the distribution 
of weather types combine to create maxinnJm differences between north 
and south. For instance, in December the monthly means of daily in-
solation at 4 of the 6 far northern stations are under 100 langleys, 
with only Yakima and Meacham, both of which were estimated from cloud 
cover data, having values slightly above 100. Spokane averages only 
76 ly for December, and does not exceed 100 by more than a few ly in 
November and Januar,r. Stations in the far south, on the other hand, 
have mean values for January close to 300 ly with El Paso reaching 313. 
This difference of approxl.ma.tely 200 ly between north and south seems 
to be typical of the size of the gradient for all months except June 
through September, at which time it is sOJDewhat smaller. During July 
and August, the gradient breaks down completely with essentially no 
difference in mean values between the two sections. July, as a matter 
of fact, has such a flat gradient that no isolines were drawn on the 
map. In August, a slight gradient is present but it runs from west to 
east in the south, an:! aouthwest to northeast in the north. June also 
197 
might be expected to show little difference between north and south, 
since this is the month during which latitudinal forces balance ani 
produce ~ values that are virtually the same over the entire region, 
but the continued occurrence of cyclonic activity- and associated cloud 
cover in the far north keep daily Qa totals down to relatively- low 
levels in that section, espeeiall;r during the first half of the month. 
Although the distribution of weather t;rpes is the basic weather 
condition responsible for the south to north gradient of insolation, 
the direct cause is the distribution of certain sk;r obscuring phenom-
ena. Of these, cloud cover is b;r far the most important.1 To provide 
a basis for the regional distribution of cloud cover, maps were prepared 
showing the monthly- mean of daily cloud cover for the period, 1950-1960, 
for all Weather Bureau stations within the Intermontane region, and for 
several stations located outside of the region (Figures .38 to 49). Be-
cause of the inherent limitations of the data, the cloud cover isolines 
are highly- generalized. Minor adjustments were made in special eases 
for the influence of sudden changes in surface elevation, but as in the 
ease of the insolation maps, the isolines were drawn principall;y' for 
plateau and basin surfaces. 
~his statement is not in conflict with the fact that percent 
of possible sunshine is the variable most closely correlated with in-
solation in regression anal;rsis. Cloud cover aetusll;r detennines per-
cent of possible sunshine, am is almost invariably- the dominant sk;r 
obscuring phenomenon. Sunshine correlates more closely- with insolation 
than sk;r cover, because sunshine and insolation are both measured fairly 
accurately with instruments, whereas cloud cover is estimated by human 
obser'fers. 
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Throughout most of the year there ill a pronounced gradient in 
mean cloud cover from north to south, reflecting the increased elevation 
of the mountains bordering the western side of the region, the lower 
frequency and weaker nature of cyclonic storms, and the greater dry-
ness am stability of invading air masses from north to south. Table XLV 
summarizes the month by month gradient of mean cloud cover for three 
groups of four stations: Yakima, Walla Walla, Spokane, and Lewiston 
representing northern stations; Reno, Ely, Milford, and Grand Junction, 
central stations; and Yuma, Phoenix, Tucson, and El Paso, southern sta-
tions. The north-south gradient is steepest in winter, with a difference 
in mean cloud cover of 4.0 or more from November through February. It 
is flattest in suomer months, though really flat only during July and 
August when northward movement of the Pacific high has depressed cloud 
cover amounts in the far north to their smallest values, am convectional 
storms in Atlantic mT air have increased values to near their highest 
point in the far south. During July and August the gradient is actual~ 
reversed and the south, with the exception of Yuma, is cloudier than the 
north. For mst months. the mean cloud cover for the central stations 
lies close to half-way between that of north and south, indicating the 
change in gradient with latitude is fairly linear. However, during 
April and May the central station values are considerab~ closer to 
those of the north, revealing the continued high frequency of middle-
latitude storms in these months as far south as central Nevada and Utah. 
In June, and particularly in Juq and August, the reverse is true and 
central station values more closely approach those of the south due to 
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TABLE XLV 
MONTHLY MEAN DAILY CLOUD COVER SUMMARIZED (MEANS) 
FOR THP.EE GROUPS OF INTE!lMONTANE STATIONS 
Gradient. Gradient. 
North em* Between Central Between South em 
Stations North & Center Stations* Center & South Stations* 
Jan 8.4 -1.8 6.6 -1.8 4.8 
Feb 8.0 -1.8 6.2 -2.2 4.0 
Mar 7.4 -1.6 5.8 -1.6 4.2 
Apr 6.6 -1.0 5.6 -2.2 3.4. 
MaT 6.2 -0.9 5 • .3 -2.7 2.6 
Jun 5.8 -2.5 .3·.3 -1.3 2.0 
Jul 2.6 1.0 .3.6 0.4 4o0 
Aug 3.4 -0.1 3 • .3 0 • .3 .3.6 
Sep 4.4 -1.4 3.0 -1.2 1.8 
Oct. 6.2 -2.5 3.7 -2.1 2.6 
Nov 7.6 -2.6 5.0 -2.0 .3.0 
Dec 8.5 -2.7 5.8 -2.0 3.8 
* The stations are: nort.hem - Yakima, Walla Walls, Spokane, and 
Lewiston; central - Reno, Ely, Milford., and Grand Junction; 
southern - Yuma, Phoenix, Tucson, and El. Paso. 
the penetration of Atlantic mT air into the central section during 
July and August. The pattern of invasion of this mT air is readily 
discernible from the July and August maps. It moves into the region 
from the southeast and spreads north along the eastern side of the 
region to a line approximately following the Utah-Idaho border. As 
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a result of this invasion path, cloud amounts are noticeably affected 
only south of this line, arri in this affected area are reduced consider-
ably more in the east than in the west. The west to east insolation 
gradient in August is largely due to this strong influx of mT air into 
the eastern side of the region. 
Large cloud cover values are typical most of the year in the 
area north of the southern Oregon and Idaho border.s. In the period 
October through May, daily cloud amount is more apt to average above 
than below 6.0. Only during July, August, and September can values be 
expected to be below 5.0 on half or mre of the days. Mean values for 
November through March are above 7 .o, and for December, January, and 
February they are 8.0 or greater. Hign values such as these are closer 
to those recorded for coastal stations of Oregon and Washington possess-
ing a middle latitude marine-type of climate than for a dry middle lat-
itude intermontane area. This hign incidence of cloud cover deprives 
the northern part of the region of valuable insolation and restricts 
some types of cultural activity. Heavy cloud cover in the spring may 
retard the maturing of fruit and grains. 
The south, by contrast, is much less cloudy mst of the year. 
Throughout almost the entire south, only July in the summer and January, 
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February, am March in the cooler part of the year can be said to have 
appreciable cloud cover. September is the clearest month in the south, 
indeed everywhere throughout the Intermontane region except in Washing-
ton, Oregon, and Idaho. Mean values of 5.0 or greater are widespread 
south of the 37th parallel of latitude (northem Arizona and New Mexico 
borders) only during January, altbouS'i July mean cloud cover comes close 
' to this value. July, by a small margi.ri over January, is actually the 
cloudiest month at Tucson. In fact, Tucson, along with Flagstaff, ex-
periences its heaviest mean cloud cover values for tbe entire year dur-
ing the mid-aftemoon hours of July (Sellers, 1958, p. 35). 
The central area, as suggested earlier, falls somewhere between 
the north and south with respect to cloud cover. November through March 
have more cloudy skies than any other type, and June through October 
experience more clear or lightly cloudy skies. 
Cloud cover determines the percent of possible sunshine received 
daily at a station. A relatively high reciprocal correlation exists 
between data for the two variables (R values usually are between -0.70 
and -0.80).1 However, they do not have an exact reciprocal effect on 
insolation, as was shown in the discussion of joint regression (supra., 
p.l04ff). For example, high incidence of cirrus clouds may raise cloud 
cover values, but very likely will not reduce sunshine or insolation 
appreciably. However, it is expected that maps of sunshine prepared 
~e correlation is less than -1.00 only because of the dif-
ference in accuracy of measurement of the two variables. 
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!or the study (Figures 50 to 61) will resemble closely those o! cloud 
cover. Despite this !act the sunshine maps were prepared, with the 
hope that possible significant departures !rom the patterns shown by 
the cloud cover maps might occur, but even after allowance is made !or 
the high degree o! generalization, there appears to be little differ-
ence between the month by month patterns shown by the two sets o! 
maps.1 I! more station data had been available, it is possible that 
the southern part o! the region might record more sunshine !or a given 
cloud amount than in the north owing to the greater frequency o! thin 
clouds in the former section. 
Since the monthly distributional patterns are essentially the 
s&DB !or cloud cover and sunshine, the discussion o! the sunshine maps 
will be brief. Again, it might be worth while to summarize some o! 
the map data in a special table on the basis o! northern, central and 
southern stations. This has been done in Table XLVI. In most months, 
the northern stations receive nowhere near the percent o! possible sun-
shine as the southern statione. November through February are espec-
ially dark snd dreary months in the north, receiving respectively only 
34, 20, 22, and 36 percent. July and Auguet are the only two really 
sunny months the north enjoys, with 86 and 82 percent, and they are 
1uso, because sunshine is more closely correlated with insol-
ation than cloud cover, it was thought that the sunshine maps might 
be o! use in developing a technique !or estimating insolation. 
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TABLE XLVI 
MONTHLY MEAN DAILY PERCENT OF POOSIBU!: SUNSHINE SUMMARIZED 
(MEANS) FOR THREE GROUPS OF INTERMONTANE STATIONS 
Nort.hern Central Southern 
Stations* Stationa** Stations*** 
Jan 22 58 81 
Feb 36 66 85 
Mar 52 70 86 
Apr 64 73 90 
May 66 74 93 
Jun 68 84 93 
Jul 86 82 82 
Aug 82 83 85 
Sap 75 83 91 
Oct 56 79 90 
Nov 34 7l 88 
Dec 20 65 85 
* Walla Walla and Spokane 
** 
Reno, Ely, and Grand Junction 
*** 
Yuma, Tucson, and El Paao 
the only two months in which the north approaches or surpasses the 
south in amount of sunshine received. Walla Walla receives 90 per-
cent in July, and Boise 91 percent; only Yuma and Reno have July 
values as high as Boise. 
Southern stations average 80 percent or better in all months. 
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May and June (93 percent each), and September and October (91 and 90 
percent) are the s1mlliest months. January and July (81 and 82 percent) 
have the least sunshine. As pointed out earlier, the extreme south-
western part of the region is the sunniest area in the United States. 
Yuma not only is the sunniest station in the Intermontane region, but 
also the sunniest site in the United States at which regular sunshine 
measurements are taken. Values at Yuma dip below 90 percent only in 
December and Janua.r,y, and then only to ~ and 85 percent. Even during 
the strong influx of llllist mT air into Arizona during July and August, 
more than 90 percent of the possible sunshine is received. The Yuma 
restaurant owner who offered free meals any day in the year on which 
the sun did not shine knew his climatic odds. 
The albedo of the earth's surface, surprisingly enough, is a 
factor in determining the amount of insolation falling on the surface. 
Multiple reflection of insolation between the ground surface and the 
sky or cloud bases may actually increase the amount of insolation re-
ceived over that expected in the absence of reflection. Snow has a 
reflecting power higher than that of any other natural surface, al-
bedos often ranging between 0.70 and 0.90 and seldom falling below 
0.50, whereas the lightest non-saline desert surfaces usually vary 
between 0.20 and 0.30 and most desert surfaces have even smaller 
albedos (Smithsonian Meteorological Tables, 19511 pp. 442-443: 
Chang, 19581 P• 23). Consequently, the increase of insolation 
from multiple ground to sky reflection will be greatest when the 
ground is covered with snow. The total number of days from 1950 
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to l96o with snow on the ground for each month of the year for 10 
stations in the region is presented in Tables LIX to LXVIll (see 
Appendix, PP• 27.3-283). The mean annual total for the 1950 to l96o 
period for all stations in the region is shown in Figure 62. These 
data, as expected, show that high frequencies of days with snow occur 
only in the northern halt of the region or at high elevations in the 
south• Seasonally, snow is apt to be frequent enough to be a factor 
in determining insolation from December through March in the north-
ern section, and for about the same length of time at high southern 
locations such as Flagstaff. Due to this distribution, snow cover 
tends to reduce somewhat, possibly 5 to 10 percent, the strength of 
the south to north gradient during winter. 
Another way to look at the distribution of insolation is from 
the standpoint of amounts received on days that are either predominantly 
clear or overcast. To examine this aspect of the insolation climate, 
the diagrams in Figures 63 and 66 were prepared for El Paso, Ely, Boise 
and Spokane. Days with 90 percent or more sunshine were chosen to 
represent clear days and those with 10 percent or less sunshine to rep-
resent overcast days. The monthly mean daily Qa and ~/Qe for each of 
• 
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Figure 62. 
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EL PASO, 1950 - 1960 
Monthly Mean Daily 0 0 and 0 0 /08 for Days with 90.100 and 0-10 S, 
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Figure 63. Missing ~~~ and ~ values for 0 - 10 Sz. from 
March through September are due to the fact that these values were 
not computed unless at least 10 days were available. rg 
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these categories, along with the same statistic for ~ and Qa for 
all days is shown in the figures. Values for some months are 
missing because monthly means of Qa and Qa/~ were not computed for 
the 90 or 10 percent classes unless 10 days or more were available 
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in the class. Clear-day insolation averages above the critical 6oo ly 
level designated by Miller (infra., p.240) from April through August 
at Spokane and Boise, from April into Septelllber at Ely, and from March 
through Septelllber at El Paso; and clear-day values are above 700 ly 
from May through July at Spokane, Boise, and Ely and from April into 
August at El Paso. Spokane and Boise have overcast-day values near or 
below 100 ly from October through February, whereas at Ely and El Paso 
higher elevation and lower latitude keep values above 100 ly for all 
months but December. There is little monthly variation of Qa/~ for 
the clear and overcast days at each station but for clear days a similar, 
though weak, pattem seems to exist at Spokane and Boise, and another 
for clear days at Ely and El Paso. Qa/~ values are 5 to lO percent 
higher at both Spokane and Boise during January and February than dur-
ing November and December, possibly due to the more frequent occurrence 
of cP air with its lower precipitable water vapor and particulate mat-
ter content as the clear-day air mass during January and February. At 
El Paso and Ely, ~~ for clear days is highest in late winter and 
early spring and lowest during mid-sWIIIISr. The latter is relatively 
easy to explain on the basis of higher moisture content of air masses 
prevailing at this time, but no really plausible uplanation can be 
offered for the high late winter and spring values unless again they 
are a response to fresh polar air masses. Location on the graphs of 
the monthly mean Qa, for all days with respect to the position of the 
means for the stmshine classes gives an indication of the normality 
of the frequency distributions of daily values for all days. Note 
that at El Paso, a station with predominantly clear skies all year, 
the mean for all days lies very close to the clear-day mean and at 
SOIIIS distance from the overcast day DSan. As a matter of fact, there 
are so few cloudy days at El Paso from Karch through September that 
it was not possible to calculate means of Qa and Qa/~ for overcast 
conditions for these months. Ely likewise shows skewness of the mean 
for all da;ys toward clear-da;y conditions. Boise shows an essentially 
normal distribution for all but the summer months when the mean for 
all days is skewed toward the clear-da;y mean, while Spokane has skew-
ness towards clear days in sUIIIIIIer and toward overcast da;ys in winter. 
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A large part of the variation of insolation on clear days often 
is produced by fiuctuations in the amount of precipitable water vapor 
in the atmosphere. In moist, tropical air masses, scattering and ab-
sorption by water vapor ma;y subtract as much as 6 to 13 percent of the 
energy frCIIl the vertical solar beam as it passes through the atmosphere 
(Hewson and Longley, p. 73). Data in Table XIV, p.133 show that the 
addition of precipitable water as a variable to the regression of in-
solation with sunshine for monthly data from Phoenix explained l4 per-
cent of the variance of insolation not explained by variations in sun-
shine. With regard to its regional distribltion, precipitable water 
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vapor is a prina:l.pal air mass property and will vary synoptically and 
seasonally with changes in prevailing air masses. A recent publication 
presents for the first time precipitable water data for the United 
States that are based on a sufficiently long length of record (ll years) 
and for enough stations to have real value in regional analysis (Reitan, 
l96o). Data giving the mean monthly precipitable water for each month 
of the year for the period 1946 through 1956, for eight stations in the 
Intermontane region, were inclllied in this study. The period-of-record 
values for these eight stations are slllllllarized in Table n.vu. Unfortun-
ately, these data covered a period that does not coincide with that of 
the present study, and hence the data oould not be fully used. 
Monthly and yearly values of precipitable water vapor recorded 
for the Intermontane region are low compared with those for most other 
sections of the United States. In fact, the Intermontane region and the 
adjacent mountain areas have the lowest values for every month for the 
nation as a whole.(Reitan, l96o, pp. 79-Fr/). This is partly due to the 
high elevation of the region, since precipitable water is directly re-
lated to station atmospheric pressure, and partly to the topographic 
isolation of the region from maritime moisture sources. Monthly values 
are generally larger over the whole region during summer than winter in 
direct consequence of the higher temperatures and thus greater moisture-
carrying capacity of air masses. The incursion of mT air into the south-
em part of the region in summer has the effect of raising values in 
that area to levels comparable to maritime locations. The Phoenix value 
(3.38 em) in July is not far below that of Washington, D. C. (3.66 em), 
TABLE XLVII 
MEAN MONTHLY VALUES OF ~IPITABLE WATm (em) :ffiCM THE 
EARTH'S SURFACE TO 325 mb•• 1946 - 1956 
El Paso Phoenix AlbuSI!!:•!:Siu• Las Vesas Grancl Junction 
.A!.l Boise Spokane 
Jan o.Sl 1.09 0.62 o.s1 0.63 0.51 0.75 0.72 
Feb 0.73 0.97 0.58 0.76 o.6o 0.51 0.78 0.75 
Mar 0.79 0.99 0.63 0.80 0.68 0.55 0.84 0.79 
Apr 0.92 1.25 0.83 1.03 0.90 0.74 1.00 0.97 
May 1.17 1.35 1.09 1.15 1.16 0.94 1.33 1.33 
Jun 1.84 1.76 1.45 1.32 1.33 1.07 1.60 1.65 
Jul 2.77 3.38 2.33 2.26 2.00 1.49 1.68 1.74 
Aug 2.73 3.38 2.36 2.10 2.03 1.31 1.59 1.70 
Sep 2.06 2.49 1.61 1.58 1.41 1.07 1.38 1.54 
Oct 1.46 1.64 1.09 1.23 1.06 0.86 1.23 1.29 
Nov 0.84 1.19 0.69 0.98 0.78 0.68 1.02 1.01 
Dec O.Bl 1.09 0.62 O.S7 0.68 0 • .59 O.S7 o.as 
"' Yr. 1.41 1.72 1.16 1.24 1.10 0.86 1.17 1.19 ~
227 
and exceeds the San Diego and Nantucket values (2.82 and 3.04, respect-
ively) for the same month. 
What is the significance of these climatic values of precipitable 
water to insolation? The answer depends principally on the actual amount 
of precipitable water vapor present, and the length of the air path of 
the solar beam through the atmosphere (optical air mass). Because of 
the influence of optical air mass, a given amount of precipitable water 
will have a greater depleting effect the lower the elevation of the sun 
above the horizon. Thus, precipitable water vapor is more effective in 
winter than summer, and at high latitudes than at low. The data in 
Table XLVIII illustrate the joint effect of precipitable water vapor and 
optical air mass on the percentage depletion of insolation.1 The out-
standing feature of the depletion figures is their high degree of uni-
formity from season to season at each station. At least for these data, 
low amounts of precipitable water vapor in winter tend to offset the 
effect of long air path of the solar beam, and in summer short air path 
limits the effect of large quantities of precipitable water. 
Closely related to precipitable water vapor with respect to in-
fluence on insolation, is a group of atmospheric phenomena collectively 
referred to as pollutants. 2 Included in this group are dust, haze, smoke 
~e data in Table XLVIII are calculated from a selected few 
of the mean monthly values given by Reitan in Table XLVII, from values 
of mean optical air mass calculated by the author of the present study, 
and from a nomograph prepared by Fritz (1949, P• 70). 
2The words pollutant and pollution will be used to refer to all 
particulate matter present in the atmosphere. Much of this matter is 
not man-made, but its affect on insolation is the same. 
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TABLE XLVIII 
PERCENT DEPLETION OF MEAN MONTHLY INSOLA.TION ~ BY PREXJIPITABLE 
WATER VAPOR (w) AND OPTICAL AIR (m) 
Phoenix i!.I Spokane 
ra* Depletion ra* Depletion * Depletion w w w m 
ot Q, ot Q, 
Jan 1.09 1.65 Oo5l 1.62 0.72 2.55 
Apr 1.25 1.05 JJ% Oo74 0.9l 0.97 l.lS 
Jul. 3.38 0.99 15% 1.49 0.85 1.74 1.04 
Oct 1.64 1.28 0.86 l.l8 lO% 1.29 1.66 
* The optical air mass (m) is corrected tor station elevation by 
adjustment according to departure ot the mean monthly station 
pressure trara standard sea level pressure. 
ot Q, 
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from forest fires, and smoke from urban and industrial sources. As 
will be seen, very little quantitative information is available con-
cerning these variables. The most difficult task associated with the 
preparation of this dissertation has been the effort to locate and put 
together information concerning their affect on insolation. The task 
became especiall7 difficult and frustrating when material specific-
all7 related to conditions within the Intermontane region was sought. 
Some general information on the role of these factors is available, 
but as one investigator has stated (Sheppard, 1958, p. 33), "• •• it 
is a very large and disorderly literature. • • " and would require a 
major effort to review and sUIIIDar.ize. 
It is not possible to l!IOrk out the affect of pollution on 
theoretical bases because, as pointed out in an earlier section (supra., 
p. 24 ), the absorption and scattering of radiant energy by specified 
particulate matter is not completely known, nor are the quantities of 
particles present at a given time and place ever known with any degree 
of accuracy. The usual approach has been to infer the affects of pol-
lution by direct measurements of the solar beam with pyrheliometric 
instruments and comparison of these data with values theoretically cal-
culated for pollution-free air. Most measurements have been made for 
surfaces normal to the solar beam, rather than for surfaces horizontal 
to that of the earth as used in this study. No investigations of this 
type were discovered for the Intermontane region or for any location 
close to it. 
Klein (1946, p. 16) SUIIIII&l"izes the difficulty of assessing the 
role of pollution for a specific area: 
"In most cases no measurements of dust cmtent will 
be available. It will then be. necessary to qualitatively 
evaluate a given locality for pollution from such sources 
as sandstorms, volcanic eruptions, industrial smoke, forest 
fires, ocean spray, alli the like on the basis of local con-
ditions alli prevailing wind, as compared to stations where 
dust depletion is known. n 
An evaluation of this type for a location with which an investigator 
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has a personal acquaintance might be possible, but not for an area the 
size of the Intermontane region. An approach to the problem of pol-
lution in the study area wuld have been to actually calculate, from 
available insolation data and theoretical computations of the trans-
mission through a dust-free atmosphere, the average depleting effect 
of pollutants in the region. However, to present a regional picture 
in this way would have enlarged considerably the work of completing 
the study. In addition, this type of analysis lies outside the 
strictly statistical-empirical approach used here, Despite the dif-
ficulties just described, an attempt will be made to present some 
general infon~~ation of the effect of pollution on insolation in the 
Intermontane region. 
Two factors must be considered in evaluating the attenuation of 
solar energy by pollution - the availability of particulate matter 
and the existence of conditions favorable to its concentration in the 
atmosphere. There certainly are sources of material in or near the 
region. Forest fires in the western states at times contribute huge 
quantities of smoke particles to the air masses moving across the 
region, and the arid climate and sparse vegetative cover creat con-
ditions favorable for dust. Urban pollution is minor for the region 
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as a whole, but probably provides important amounts of material 
for local areas. 
A recent study (Hosler, l96l) of low level inversions in the 
United States presents material concerning the existence of conditions 
favorable for the accumulation of pollutants. The role of inversions 
is described as follows: 
"In essence the dilution efficiency of the atmosphere 
depends on the wind and T gradients, both of which vary vert-
ically, horizontally, and with time. Since the general spatial 
problems of slow atmospheric dispersion which affect large areas 
unquestionably arise at times when a stable stratified layer of 
air exists near the surface, a knowledge of the frequency of low-
level stability ••• will be helpful for assessing the potential 
air pollution inherent to a given region." 
Maps presented in the paper show a relatively high frequency of lw-
level inversions for the Intermontane region during most of the year. 
The range from north to south in the region of the percent of total 
hours with such inversions are: winter, 40 to 55 percent; spring, 30 
to 40 percent; 8UIIIIlflr1 30 to 35 percent; autumn, 40 to 50 percent. 
However, a very large majority of the inversions are shallow, nighttime 
radiation inversions that dissipate shortly after sunrise and thus 
afford little opportunity for the concentration of pollution (~ •• 
p. 332). Another study of low-level inversions (Austin, 1957) shows 
that persistent air mass inversions leading to a prolonged build-up 
of pollutants occurs infrequently in the region. Data for Boise in-
dicate a high frequency of anticyclonic conditions, but show only l7 
percent of the days in December and January over a 5-year period having 
inversions that persisted throughout the day (;!,lli., p. 50). Phoenix 
had deep air mass inversions on only 2 percent of the days during winter. 
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They rarely occurred at either Phoenix or Boise during surmner. Inver-
sion depths were less at both Phoenix and Boise than in other parts of 
the country because these two locatioos have lighter winds and thus 
less turbulent mixing. Austin made the interesting conclusion that 
subsidence in anticyclones ~ ;!:!!!l:!! definitely is not a leading con-
tributor to the formation of deep inversions and that they are actually 
more CODI!lon in regions of frequent cyclonic activity than in an area 
with frequent anticyclonic circulation such as the Intermontane region 
(pp. 53, 153). 
On the basis of the information in the Hosler and Austin papers, 
it is difficult to make quantitative judgment concerning the occurrence 
of invers;ltions in the region that might cause pollutants to accumulate 
and affect insolation. It would seem that inversions causing pollution 
to build up near the earth's surface over large sections of the region 
are relatively infrequent; however, it must be remembered that the 
region is one of anticyclonic circulation and stable air for much of 
the time, thus conditions are not completely unfavorable for the accum-
ulation of quantities of pollutants. Certainly, stability and stag-
nation of air masses under anticyclonic control, plus basin location, 
brings about a significant increase in the quantity of pollutants loc-
ally. An investigation of conditions at each specific location where 
information is desired should be made to resolve the issue. 
Inversions not only attenuate insolation by permitting large 
amounts of pollution to accumulate in an air mass, but through concen-
tration of particles in a thin, sharply-defined layer cause greater 
depletion of insolation than if part;iclee were distributed through 
a thicker layer. Wexler (1934, p. 399) points this out with the 
folloldng statement: 
"The reflection of light from a sharp smoke and dust 
line in the atmosphere is greater than the reflection and 
scattering from the smoke and dust particles in a thicker 
layer lacking a distinct top due to the fact that in the 
latter case secondar,y reflection and scattering by the 
part;icles is brought into play and eo enables more sunlight 
to pass through the layer." 
The effect would be particularzy pronounced in urban and industrial 
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areas where shallow inversions allw concentration of large quantities 
of particulate matter in a thin layer with a very sharplJ' defined top. 
This condition is a possible one during winter at some of the insolation 
measuring sites within the Intermontane region. Salt Lake City unques-
tionablJ' is subjected to the influence of dense layers of smoke many 
times during the cooler part of the year, and it is difficult to imagine 
large urban areas the size of Spokane or Phoenix completezy escaping 
this condition. 
Several efforts were made to uncover information or data directzy 
related to the occurrence of pollutants in the Intermontane region and 
their possible affect on insolation. A letter of inquiry to the National 
Weather Records Center requesting any available information on pollution 
brought the repzy, "Frequencies of any urban and industrial smoke or 
dust pollution affecting solar radiation measurements have not been 
tabulated for the 1950-1960 period." They did, however, supplJ' data for 
the period 1930-1938 showing the percent of hourzy observations report-
ing visibility restricted to 5/8 mile or less by smoke or dust. There 
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was no distinction made in the data concerning the time of day the 
phenomena were observed, thus it is not possible to judge the affect 
on insolation. The frequencies were low, with only El Paso in the 
spring (0.9 percent or 20 hours) and Salt Lake City in the winter (1.6 
percent or 35 hours) having any appreciable amunt of smoke or dust. 
Of course, only extreme cases, when visibilitywaa restricted to 5/8 
mile or less, were included in the data. Very likely smoke and dust 
producing visibility restrictions far less than this can reduce insol-
ation by sizeable amounts. In addition, horizontal visibility at the 
surface of the ground is not directly related to the total number of 
particles in a verticle column of air. It also must be remembered that 
most of the cities have grown ccnsiderably since 1938 am thus would 
be more likely to be major sources of pollution. 
A request sent to each or the 10 insolation stations used in 
the study for information concerning any affects of smoke and dust on 
readings from their pyrheliometers elicited the following replies: 
Tucson: 
KWe do have occasions of haze and dust pollution and 
the level of these is increasing. It is not presently pos-
sible to give any quantitative estimate of the effect of 
this on solar radiation." 
"So far as industrial smoke or dust pollution is 
concerned, the Great Salt Lake valley is in the bottom of 
the bed of Old Lake Bonneville. Dur.i.ng the winter season, 
when large high pressure cells psrsist over the Great Basin 
area, smoke and other air pollutants tend to accumulate in 
the lower valley and offer considerable obstruction to tot-
al sunshine, " 
Grand Junction: 
"Smoke effects are almost non-existant. Dust is be-
lieved to be negligible also, although sozoo dust settling 
on the pyrheliometer during periods of prolonged dry 
weather may cause minor errors.• (This is difficult to 
understand and shows that even at Weather Bureau stations 
utmost care may not be given insolation equipment.) 
"There is no significant smoke pollution. Dust storms 
do affect the radiation record at times. Visibility is re-
duced to one mile or less by dust on an average of about 20 
hours per year; this includes both day and night hours. The 
dust pollution is general in the vicinity and is not related 
to the exposure of the instrument. • 
Albuquerque: 
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"Smoke from asphalt and railroad tie plants about three 
miles southwest and smoke from a nearby city dump occasionally 
blot out or partically obstruct the sun for brief periods. It 
is estimated that this obstruction occurs less than 1% of the 
time. There have been several smoke producing elements created 
in the vicinity of Albuquerque since 1950, but smoke from them 
seldom, if ever, obstructed our pyrheliometer sensing element.• 
Phoenix: 
•I doubt very much that the pyrheliometer has detected 
much smoke or dust pollution. Smoke or dust is rarely of that 
extreme a nature as to be detected by this instrument." (A 
very strange statement to be made b.y the head of a major 
Weather Bureau Station.) 
~: 
•One or two times a year tailing dust from McGill to 
the north." (A large copper smelter is located at McGill.) 
Boise: No smoke or dust reported. 
b!! Vegas: 
"Smoke and dust pollution is extremely limited. Smoke 
is virtually non-existent and dust rarely affects insolation. • 
Spokane: 
"Smoke from rock crusher and asphalt plant 1 mile 
northeast occasionally might have slight effect." 
It can be sean from these statements that dust and urban smoke are 
factors in determining insolation, but just how much bias they cause 
in data due to local effects at the insolation stations, or to what 
extent they deplete insolation totals over the region as a whole can-
not be stated. 
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Major volcanic eruptions have bean known to diminish insolation 
over large parts of the earth. A search was made for information of 
this kind covering the years 1950 to 1960 but nothing was found per-
tinent to the study area. Cunniff (1955, p. 101) reported the occur-
rence of dust over the United States in June 1951 from an eruption 
in the Cape Verdi Islands, but apparently it was detected only over 
the eastern half of the country. 
Forest fires also have been observed to cause considerable de-
creases in insolation. Cunniff (1955, p. 103) states that smoke from 
major fires may be lifted to the tropopause and carried great distances. 
He describes sharp drops in insolation values at Blue Hill, Massachus-
etts, caused by a fire in September 1950 that was located in northwest-
ern Canada. The U. S. Forest Service furnished the present writer with 
data giving the number of fires reported each year of the 1950-1960 
period in Arizona, California, Idaho, Nevada, Oregon, Utah, and Wash-
ington. The total number for all seven states varied from 7,490 in 
1954 to 15,614 in 1958. Unfortunately, nothing of a quantitative 
nature really can be done with this yearly data. A few large fires 
could affect insolation values in the region more markedly than a 
large number of small fires, hence mere numbers of fires can mean little. 
Even if an apparent connection between the number of tires and 
general annual insolation levels was noticed, it wuld be difficult 
to validate statistically because of the small number of years in-
volved. 
A quotation from the Forest Service letter concerning the 
time of year that fires are apt to be an influence on insolation 
levels may be of interest. 
"Many of the reported fires remain very small indeed -
only 28% of them growing larger than 1/4 acre in size. Re-
gardless of size, however, nearly all involve smoke, thereby 
making detection possible. Most of these fires occur during 
the six months from May through October. In the northern 
States the fire season starts somewhat later than in the 
southern States and is correspondingly shorter. In Idaho, 
for instance, the season averages about 120 days, from late 
June through mid-October. In Arizona a 200-day season gen-
erally starts in mid-April and continues into late October. 
The northern California season lasts about 170 days from 
mid-May through late October. 
"Throughout the seven western states the peak fireload 
is concentrated in the months of July and August. Fires 
burning during July am August generally account for about 
one-half of the total burned acres." 
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As a final effort to learn something about the influence of pol-
lution on insolation in the region, frequencies of daily values of 
Qa/Qe on days with 100 percent sunshine and 0.0 cloud cover were tab-
ulated for the winter (December and January) and summer (June and July) 
for each of the 10 insolation stations. a,y considering Qa/Qe for only 
perfectly clear days the effect of cloud cover is eliminated, and flue-
tuations are left to the control of pollutants and a variety of other 
factors. Unfortunately, the list of other factors is long, including 
precipitable water vapor, optical air mass, and possible instrument 
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errors, and the combined effects of these factors sonetimes might 
override that of pollutants. However, none of these is capable 
of restricting insolation as much as heavy pollution, so the extreme 
range of the frequency distributions should give an indication of the 
extent to which pollution alters insolation. (Table XLVIIIA). 
Three things are apparent from the table. First, the range of 
values is greater for most stations during winter, strongly suggest-
ing a pollution affect since this is the season with greatest stab-
ility in the surface layers of air messes and also the season, partie-
ularly at northern stations, when the most smoke is fed into the atmos-
phere from urban sources. Second, the spread of the distributions is 
greatest for both seasons at northern stations. This in itself might 
lead to the thought thst optical air msss msy play a leading role in 
determining the distribution since it is larger during both seasons 
at northern stations, but it must be ruled out because it was noticed 
while plotting the distributions that there was no systematic connec-
tion between Qa/Qe and optical air mass, and thst instead the distrib-
utions consisted of a heterogeneous mixture of days with high and low 
v&lues of~~ seemingly scattered at random throughout the seasons.1 
Several days hsving low ~~ values (less thsn 700) were checked in 
the Local Climatological Data for mention of low visibilities and 
1changes in optical air msss must also be eliminated as an 
important cause of insolation variations because of the small changes 
in m during the seasons considered. The greatest possible changes are 
at Spokane where they range from 1.09 to 1.14 for June and July, and 
3.00 to 3.06 for December and January. 
TABlE XLVIIIA 
FREQUENCY DISTRIBUTION (NUMBER OF DAYS) OF DAILY VALUES OF Qa/Q, FOR 
DAYS WITR 100 % Sg AND 0.0 Cd ( 1950-19 0) 
600 620 640 660 680 700 720 740 760 780 Boo 820 840 860 880 
o.Joe to to to to to to to to to to to to to to to 
619 ~ §.22 679 ~ 719 D2 122 :m m 819 ~ ~ §.72_ ~ 
El Paso w* 786 1 1 16 55 65 31 14 3 
s 782 11 35 38 18 2 
Tucson w 767 1 4 10 14 27 19 8 1 
s 768 1 1 14 23 15 3 
Phoenix w 753 2 11 29 20 36 31 26 16 2 1 
s 756 2 8 21 36 40 75 44 15 
Albuquerque w 806 4 13 28 37 26 9 1 
s 804 2 11 19 26 18 2 2 
Las Vegas • 767 1 0 1 0 5 2 12 18 13 14 1 s 776 1 3 25 30 61 73 35 10 
Grand Junction • 779 3 5 4 9 22 11 16 1 2 2 s 799 1 3 5 9 15 31 21 1 
Ely • 789 1 1 9 17 13 6 6 2 3 1 s 809 1 9 26 40 23 8 3 
Salt Lake City 
'' 
715 1 3 2 2 3 9 6 2 2 3 
s 729 2 2 6 12 18 1l 8 2 1 
Boise 
"' 
733 2 1 1 10 7 7 11 8 1 4 3 3 4 1 
s 742 1 0 1 3 21 43 38 27 6 3 1 
Spokane \; 753 2 2 1 6 1 5 1 3 3 2 2 2 4 
s 757 1 1 0 3 11 20 26 11 2 
* 'N: •Hinter (December and Janua~·y for all stations except Salt Lake City, Boise, and Spokane 
where November through February were used for winter to provide an adequate 
number of days.) 
S: Summer {June and July) 
~ 
'-0 
obstructions to visibility by smoke or dust, but nothing was discovered. 
Two successive days at Boise, December 29 and 30, 1953, with Qe/~ values 
of 617 and 615 respectively, were found upon examination of the synoptic 
situation given in the Northern Hemisphere Historical Weather Maps to 
have been days with pronounced anticyclonic conditions and mP air that 
appears to have been stagnant in the area for several days. A third 
point concerning the distributions is that the large range produces a 
marked variation of insolation in tel'lll8 of ~ values. For instance, the 
628 SUIIII!er minimum ~~~ at Boise represents a ~ of 601 ly for the da;r 
on which it occurred (July 25) contrasted to the maxinmm Qa/~ of 834 
and its ~ value of 808 ly (July 21). The extremes of the winter ~~~ 
frequency distribution for Boise, 615 and 868, produced ~'s of 168 and 
321 for the days involved. These are extremely large variations to 
occur under conditions of perfectly clear sky and must be considered 
either evidence of the influence of pollution, with a possible assist 
from water vapor, or evidence of a very serious instrument error. 
An important aspect of the insolation climate of an area concerns 
the occurrence of daily values above or below certain critical levels. 
Miller (1958, pp. 2-3) suggested 6oo ly per day as an upper critical 
level above which insolation places "· •• a heavy heat load on a man 
or a piece of equipment • • • " and ". • • becomes a large amount of heat 
for the earth's surface to dispose of, by either using it to evaporate 
water or to heat the lower air;" and he proposed 100 ly as a critical 
lower level because it represents the amount of energy received on heavy 
overcast days in winter and has virtually no warming effect on the earth's 
surface or the lower layers of the atmosphere. Examination of the 
monthly maps shows that the 6oO ly value is exceeded quite commonly 
in the region.1 From the latitude of Las Vegas southward, monthly 
mean values generally exceed 6oO ly from April through August, though 
convectional cloud cover in the latter month pulls means slightly 
below the 6oO ly mark for some stations. In May, the 6oo ly isoline 
pushes into northern Nevada and Utah, in June to northern Oregon, and 
24J. 
during July the entire region has mans that lie lWstly between 650 and 
700 langleys. The highest regional daily means for the entire year 
are found in May and June, during which lWnths 700 ly is exceeded over 
large areas of the southern part of the region in response to high sun, 
dry air, low cloud cover amounts, and moderate to high elevation, Dur-
ing June the 700 ly ieoline moves far enough north to bisect the region 
along an east-west line from Reno to just north of Grand Junction, and 
at this same time over northern Arizona and southern Nevada values in 
excess of 750 actually occur. Miller's low threshold of 100 ly appears 
on the maps only during December and January and then only in the extreme 
north. This, of course, does not mean that daily insolation values less 
than 100 are limited to this section, nor only to this lWnth, As the 
frequency distributions in Tables XLIX to LVIII show, they occur at least 
occasionally everywhere in the region, with even Tucson having a few days 
1Assumi.ng a normal distribution, which one cannot always do for 
a monthly group of daily insolation values, a mean of 600 ly would in-
dicate that half the values lie above this level. About all one can do 
here is assume an unknown percentage of the number of days lies above 
the mean. 
with totals this low. As far south as Ely and Grand Junction, days 
with 100 ly or less are common during most winters. 
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One of the most important statistical forms of any climatic 
element is its frequency distribution over the entire range of values 
experienced in a given interval of time. Such statistics are partic-
ularly important in applications to engineering and agricultural prob-
lems where knowledge of the probability of occurrence within certain 
critical limits must be considered. This type of information is pres-
ented in Tables XLIX to LVIII, where the monthly and annual frequency 
counts of number of days in 50 langley class intervals, and the percent-
age frequency for each interval, have been tabulated for the 1950-1960 
period for each of the 1.0 insolation stations. The data were prepared 
from actual values of insolation measured with the pyrheliometer, cal-
culated data not being included because as explained earlier the pre-
dictive technique used in this study does not provide the correct spread 
of values at either end of the function. 
Through examination of the tables, the probability of occurrence 
for any month of values in specified classes of 50 l.angleys can be 
determined and by adding percentage frequencies the probability of 
occurrence above or below certain insolation levels can be estimated. 
Thus it is seen that all stations can experience days with less than 
100 1y of insolation, though the chances of this occurring are some 15 
to 20 times greater at Spokane than at a southern station such as El 
Paso, and that the season when such low values are expected is spread 
TABLE XLIX 
BL PASO • 1950-6o 
PREQUBNCY COUNT OF DAILY INSOLATION 1MLUES IN •59 LIJJOLEY CLASS IKftRVALS 
00 50 100 150 200 250 300 350 400 450 500 ·550 6oo 650 700 750 Boo 850 900 
to to to to to to to to to to to to to to to to to to to 
!!2!!!.!!. _n_ _.'!2.... __li_ ...l!!L ....!22_ ...l!!2.... 212... ~ __m_ ...!!!!2... ~ ~ ~ ..2.'!2._ ~ .J.'!L ...122... _Mi._ ~ ...2!!i_ 
Jen 304 l·~· 3.6 4.3 5.6 8.6 ~e·8 44.1 16.4 0.3 11 13 17 26 134 50 1 
Peb 275 1.4 0.4 o.4 3.3 4.7 4.4 J·4 25.1 ij~·9 ~~·5 2.5 4 1 1 9 13 12 .. 7 
Mar 279 0.4 1.8 1~.0 1.1 4.7 5.7 6.5 12.9 22.9 u·6 15.4 1 5 3 13 16 18 36 64 43 
Aor 299 0.7 1.0 1.0 1.7 2.0 3.7 4.0 3. 7 H'.7 32.4 29.4 7.4 0.3 
• 3 3 5 6 11 12 11 38 97 88 22 1 
... 33.8 0.3 0.3 0.3 0.3 1.5 0.6 2.4 5.0 6.2 13.9 25.2 40.6 3.6 
1 1 1 1 5 2 8 17 21 47 85 137 12 
Jim 325 0.3 0.6 0.9 2.5 2.5 3.7 11.4 29.5 43.4 5.2 
1 2 3 8 8 12 37 96 141 17 
Ju1 337 o.6 0.3 0.3 2.4 2.1 3.0 4.7 7.7 ~-9 13.9 35.3 ;~·· 0.6 2 1 1 8 7 10 16 26 47 119 2 
Aug 326 0.3 1.5 ~-5 7.7 11.3 19.0 36.5 21.1 1 5 25 37 62 119 .. 
Sep 319 0.3 0.6 1.6 0.9 2.2 3.8 3.1 9.4 28.8 37.3 11.9 
1 2 5 3 7 12 10 30 92 119 38 
Oot 335 0.6 2.1 0.9 1.5 4.2 2.4 3.6 11.0 35.5 29.6 8.1 o.6 
2 7 3 5 14 8 12 37 119 99 27 2 
Nov 324 1.2 1.5 1.5 3.1 4.0 8.0 39.2 37.6 3.7 
4 5 5 10 13 26 127 122 12 
Deo 336 0.3 2.1 2.1 3.6 8.3 8.6 40.2 34.8 
1 7 7 12 28 29 135 117 
Year 3.797 0.0 o.6 o.8 1.0 2.1 3.1 6.3 12.0 8.6 7.3 7.4 7.6 9.5 11.3 12.0 9.4 0.8 o.o ••• 1 22 32 37 80 118 240 456 326 279 282 289 360 428 457 358 32 0 u 
• Percent of total days for all Januarya with values falling in the class interval 
•• Number of days for all Januarya with values falling in the class interval 
"' e;
TABLE L 
'fUCSON. 1950-60 
PRKQUENCY COUH'l' OF DAILY DISOLA1'IOH VALUES Ill 50 LAJfGLIY CLASS IM'l'BRVALS 
00 50 100 150 200 250 300 350 ... •s• 500 550 600 650 700 750 8oo Sso 900 
to to to to to to to to to to to to to to to to to to to 
Month 
-"-
_.!!L ~ _ill_ ...Jl!L ...lli.... 21!... ...J!!... ...J22... _..!!!!i... ~ ~ ..m_ ~ ...§2L ...ili._ ..m... ..Mi._ ~ ...2!2... 
J~ 139 o.I• 4.3 2.9 s.o ~-3 10.8 28.1 38.8 s.o 1. 6 • 7 15 39 s• 7 
••• 139 1.4 3.6 :·9 1.4 s.8 10.1 12.2 25.2 20.9 16.5 2 5 2 • 14 17 35 29 23 
Mar 13. 0.7 1.5 1.5 6.0 ~-5 ~-5 5.2 16 .• 29.1 26.9 3.7 1 2 2 a 7 22 39 36 5 
Apr 142 0.7 2.8 3.5 ij·6 7.7 11.3 36.6 21.9 2.8 1 • 5 11 16 52 41 • 
.. , 151 2.6 2.6 1.3 2.0 4.6 7.3 23.2 51.7 •• 6 
4 • 2 3 7 11 35 78 7 
Jun 129 1.6 0.8 2.3 1.6 ~·1 3.9 10.9 9.3 20.9 ... !.6 ~.1 2 1 3 2 5 14 12 27 55 
Jul 158 o.6 0.6 1.3 1.3 3.2 3.2 §·1 8.2 7.6 ~.2 17.1 ~-1 7.6 1 1 2 2 5 5 13 12 27 12 
Aug 174 0.6 1.1 ~-3 4.0 5.7 6.9 9.8 17.2 19.0 29.3 4.0 1 2 7 10 12 17 30 33 51 7 
Sop 152 1.3 0.7 3.3 2.6 5.3 1~.2 38.8 34.2 4.6 2 1 5 • 8 59 52 7 
Oot 161 0.6 :·5 0.6 0.6 1.9 ij·O 8.7 18.0 ~r·9 21.7 2.5 1 1 1 3 14 29 35 • 
llov 173 0.6 o.6 1.2 6.4 1.7 5.2 13.3 44.5 u.s 4.0 
1 1 2 11 3 9 23 77 39 7 
Deo 173 0.6 1.2 2.9 4.6 6.9 9.2 56.1 18.5 
1 2 5 8 12 16 97 32 
Year 1,825 0.2 0.6 1.2 1.9 1.7 3.1 10.7 11.9 8.0 7.8 7.6 8.9 10.0 9.0 8.5 8.2 0.6 o.o o.o 
• 11 21 34 31 57 196 218 146 143 138 163 182 165 156 149 11 0 0 
• Percent of total days for all Januarys with values falling in the class interval 
•• Number or days for all January& with values falling in the olaaa interval 
i 
TABLE LI 
PHOENIX, 1950-6o 
FREQUENcY COUJfT OF DAILY INSOLATION VALURS Ill 50 LANGLEY CLASS IRTERVALS 
00 ,. 100 150 200 250 300 350 400 450 500 550 600 650 700 750 aoo 850 900 
to to to to to to to to to to to to to to to to to to to 
Month 
-·-
_.!L 
---22.. __ill_ ...!22.... ~ _.l!iJL ...J!!i... _..m._ _lli_ ~ ..2'!2_ _..m._ ~ ~ ...lli.... _m_ ~~ ..2'!2_ 
Jan 304 4 • •• 9 5.3 1~-9 ~:-s 33.2 29.3 2.6 13 .. 15 16 101 89 8 
Feb 251 2.0 2 •• 2.4 2 •• ~-2 1~.6 16.7 29.1 24.3 12.0 5 6 6 6 42 73 61 30 
Mar 275 1.4 1.1 1.4 3.3 1.4 3.6 1~.1 11.2 21,4 27.9 ~~-· 2.2 4 3 • 9 • 10 31 59 77 6 
Apr 299 0.3 1.0 0.7 1.3 1.0 3.0 4.0 4.3 7.7 17-7 34.4 21.7 2.7 
1 3 2 4 3 9 12 13 23 53 103 65 8 
... 337 0.3 0.9 1.8 2.1 2.7 4.4 8.0 41.5 34.7 3.6 
1 3 6 7 9 15 27 140 117 12 
Jun 323 0.3 0.3 0.6 0.6 1.2 2.2 5.6 6.2 25.1 52.9 5.0 
1 1 2 2 4 7 18 20 81 171 16 
Jul 334 0.6 1.5 1.5 1.2 1.5 3.6 2.4 4.8 14.1 32.3 30.8 5.1 0.6 2 5 5 4 5 12 8 16 47 loS 103 17 2 
Aug 329 0.3 0.3 1.2 0.3 1.8 3.3 4.6 5.8 ~~·4 34.4 28.9 , .. 1 1 4 1 6 11 15 19 113 95 
" Sep 325 0.3 o.6 0.9 1.5 3.1 4.3 19.1 43.4 23-7 3.1 
1 2 3 5 10 1. 62 141 77 10 
Oot 328 0.3 1.5 1.8 1.2 4.0 J·9 22.9 37.8 20.7 1.8 1 5 6 4 13 75 124 68 6 
Nov 319 0.3 •• 9 0.9 3.1 3.8 7.5 31.0 36.0 16.0 0.3 
1 3 3 10 12 24 99 115 51 1 
Deo 333 o.6 3.3 
,§·4 4.2 6.9 ~·2 53.8 0.6 2 11 14 23 179 2 
Year 3,757 0.1 0.9 1.4 1.5 1.9 4.9 11.3 8.0 6.9 7.4 7.2 8.6 10.0 9.8 10.9 8.3 0.8 o.o o.o 
3 35 51 56 72 185 424 302 261 278 270 323 377 369 408 313 30 0 0 
• Percent of total days for all Januarya with values falling in the class interval 
•• Number of days for all January& with values falling in the claaa interval 
~ 
TABLE LII 
ALBUQUERQUE, 1950-60 
FREQUENCY COURT OF DAILY INSOLA'l'IOH VALUES IH 50 LANGLEY CLASS INTERVALS 
00 50 100 150 200 250 300 350 
-
450 500 550 600 650 700 750 800 850 900 
to to to to to to to to to to to to to to to to to to to 
Month 
_n_ ___!!2.... __22__ ....!&._ 
__j2JL ~ ....!22... ....l!!L ~ ...'!'!L --'!22._ ~ ~ ....§!!2... ~ ...ill.... ...122.... ~~ __lli__ 
Jan 304 o.,J* 2.0 4.9 7.9 4.9 13.2 38.8 25-3 2.6 
1 6 15 24 15 40 118 77 8 
••• 275 1.1 3.3 1.5 4.4 J·7 6.9 15.6 22.5 25.1 10.9 3 9 4 12 19 43 62 69 30 
Mar 298 0.3 0.7 f·3 4.0 3.0 6.0 5.7 6.4 6.7 18,8 23.8 18.1 5.0 1 2 12 9 18 17 19 20 56 71 54 15 
Apr 317 o.6 0.3 0.3 ~-3 1.6 2.2 3.5 s.o 1§·7 8.5 ~-5 ~-2 ~-5 4.7 2 1 1 5 7 11 16 27 15 
May 330 0.3 0.3 0.3 0.9 2.4 2.7 6.1 ~-9 12.1 9.4 20.0 29.1 8.2 0.3 1 1 1 3 8 9 20 40 31 66 96 27 1 
JUn 322 0.3 1.6 1.2 1.2 1.6 4.7 6.2 8.1 13.4 31.4 30.1 0.3 
1 5 4 4 5 15 20 26 43 101 97 1 
J\>1 329 0.3 0.3 0.9 3.6 5.2 5.2 12,8 21.0 24.9 19.8 1§·5 0.6 1 1 3 12 17 17 42 69 82 65 2 
Auo 329 0.6 3.0 4.0 6.4 11.6 20.1 33.1 ~~-· 1.2 0.6 2 10 13 21 38 66 109 • 2 
Sep 325 1.2 0.3 0.6 1.5 2.8 1.8 ~-5 3.4 11.4 25.5 36.9 12,0 4 1 2 5 9 6 11 37 83 120 39 
Oot 333 0.3 1.2 2.7 2.7 2.7 3.6 7.2 20.1 28.8 27.3 3.3 
1 4 9 9 9 12 24 67 96 91 11 
Nov 325 1.8 1.8 2.5 5.5 1.1 24.6 40.6 15.4 
6 6 8 18 25 so 132 50 
Deo 338 1.2 5.3 6.2 8.3 20.4 54.4 1.2 4 18 21 28 69 19 4 
Year 3.825 o.o 0.5 1.6 1.9 2.5 4.9 12.0 8.4 6.5 6.5 7.7 ~-5 10,1 9.6 8.9 7.3 3.8 0.1 o.o 1 21 60 73 97 186 458 321 250 250 295 388 369 339 281 14!+ 4 0 
• Percent of total days for all Januarys with values falling in the class interval 
•• Number of days for all Januarys with values falling the the class interval 
~ 
TABLE LIII 
LAS VEGAS, 1950-60 
'FREQUENCY COUNT OF DAILY INSOLATION VALUES IN 50 LANGLEY CLASS INTERVALS 
00 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 Boo 8so 900 
to to to to to to to to to to to to to to to to to to to 
Month 
-"- ~ 
--
...ill_ ~ ~ ....12i... _J'!.2_ ...m... ~ ....!!22... -2L ~ ..§!L ..222_. ...lli... ~ ~ .J!2L ...2!!2... 
J~ 303 3 ~· 5.3 7.6 n•.s 21.1 38.0 5A·9 0.3 10. 16 23 38 64 115 1 
••• 28o 0.4 1.4 3.2 4.3 3.6 13.2 23.2 ~-· 15.4 4.3 1 4 9 12 10 37 65 43 12 
Mar 310 0.3 ~-3 1.0 0.6 2.6 2.6 4.2 5.2 14.5 24.5 29·· 11.6 2.2 1 3 2 8 8 13 16 45 76 91 36 7 
Apr 298 1.0 1.0 1.0 3.4 0.7 3.4 2.7 4.7 12.4 17.4 30.5 18.8 2.7 0.3 
3 3 3 10 2 10 8 14 37 52 91 56 8 1 
May 339 0.3 0.9 0.6 0.9 1.2 2.6 4.4 e.o 15.6 32.2 25.4 6.2 1.8 
1 3 2 3 4 9 15 27 53 109 06 21 6 
Jun 323 0.3 0.9 1.9 0.3 1.2 2.8 1§·· ~-· 47,4 15.2 ~-' 2.8 1 3 6 1 4 9 153 .. 9 
Ju1 339 0.3 1.2 1.2 1.8 2.6 3.2 3.8 4.7 9.4 1-.8 ~-· 118.0 3.5 1 • 4 6 9 11 13 16 32 50 95 12 
Aug , .. 0.3 0.6 0.1 0.6 0.9 1.8 2.1 2.6 6.2 8.2 24.7 35.9 ~:-9 2.1 0.9 1 2 1 2 3 6 7 9 21 118 84 122 7 3 
Sep 325 0.3 0.9 0.6 1.2 o.6 ~-5 4.6 ~-1 42.2 ~A.8 2.2 1 3 2 • 2 15 137 7 
Oct 334 0.9 0.9 1.2 1.5 1.5 4.2 14.1 31.7 118.7 15.3 
3 3 4 5 5 14 47 1o6 96 51 
Hov 327 0.3 0.9 2.1 3.1 s.8 10,1 46,8 29-1 1.8 
1 3 7 10 19 33 153 95 6 
Dec 339 0.9 2.4 4.4 J·7 11.8 s4.o g~-9 3 8 15 40 183 
Year 3.857 0.1 0.7 1.3 2.1 3.2 8.2 10.7 7.1 6.6 6.1 7.4 e.s 7.7 9.0 9-3 9.0 2.2 
"·' 
0.2 
4 27 so 81 124 318 414 272 256 237 285 328 298 348 359 349 86 12 9 
• Percent of total days for all Januarya with values falling in the class interval 
•• Number of days for all Januarys with values falling in the class interval 
~ 
TABLE LIV 
ORAND .lU!fC'I'IOif• 1,58-'e 
li'RBQ1mNCY COUJft' 01' DAILY IMIJ()LA'l'IOlf VALUBS IN 50 LIJIQLBY CLASS IlftBRVALS 
00 50 100 150 ... .,. ,.. 350 ... .,. 500 551 
- "' 
710 751 IOo 150 ,.. 
to to to to to to to to to to to to to tu to to to to to 
~ 
-·-
____!!__ _n_ __ill_ 
..ln.. ~ __m_ ...ill... ....;n_ ~ ~ ..5!'L ..2!... ....§!!._ ~ ...1!!1... ...1!L. .M1._ ....m.. ....!!1... 
Jon 271 1 i' ••• 11.1 15.5 ~~-· n·' 16.2 1.1 ,. 13 32 42 51 44 
' 
Peb !50 4.0 •• 2 
,, __ 
•• 2 111.8 20.0 19., 11.6 10.4 0.8 
10 16 23 37 50 _, 
"' 
26 2 
'lar !37 3.0 ~-~ ••• ••• 10.1 10.1 .. , tl.i 13.9 9.7 6.3 2.1 0.4 7 10 !1 .. 24 22 .. 33 23 15 5 1 
Apr ... 1.6 2.1 1.6 5.2 ••• 1~·· 5.2 10.1 7.6 10.4 17.3 13.3 13.3 1.! 
• 5 4 13 12 13 .., 
" 
.. 43 33 33 3 
.. , ... o.l ••• 1.6 • •• «·2 3.1 4.1 4.1 6.1 1.1 13.4 11.0 ij-7 17.5 4.5 0.4 2 1 4 6 • 10 10 15 20 33 27 ., 11 1 
Jun ... ••• • •• ••• o.4 ••• o.• 4.1 j·6 3.2 •• 5 5.4 ta.l 16.7 15.1 3:2.11 0.4 1 1 1 1 • 1 • 7 10 lt .. 37 35 72 1 
Ju1 264 o.4 l-5 ~-5 :·3 1~-3 6.8 ••• 10.6 11.7 ...1 ~-' J·1 1 11 13 21 31 53 
liil 266 o.a 1.1 ••• 1.1 3.4 3.1 ••• 7.1 6.4 6.0 ts.o .., .. 18.4 2.6 2 3 2 3 • 10 16 19 17 16 .. 73 .. 7 
Sop 233 o.4 3.0 1.7 4.3 2.6 •• 4 4.7 12.4 .... .... 18.0 «·4 ••• 1 7 4 10 6 11 .. 47 51 42 2 
Oct ... ~-7 1.7 f·l 3.8 3.5 ••• 7.3 ~-· 21.0 ~-1 1.7 5 11 10 23 21 6o 25 
Hov 1!!12 1.0 3.4 J-9 10.3 11.3 ~-5 26.0 J·6 3 10 30 33 76 
Doc 305 1.6 
.I·• 7.2 16,1 "'·' 34.8 2.6 5 22 .. 91 1o6 8 
Year 3.121 o.• 2.1 3.5 5.5 7.7 12.3 8.3 7.2 5.6 7.2 5.9 5.3 6.1 6.4 7.1 ~-0 3.5 0.1 0.0 13 i5 109 173 ... 314 260 226 176 226 183 166 213 201 221 15 107 2 0 
• Percent or total days for all Januarye Wi~ values falling in the class interval 
•• .U.ber of days for all Januarya With values falling in the ctaaa interval 
~ 
TABLE LV 
ELY~ 1,0-60 
FRBQUDCY COUJft' OF DAILY IRSOLA'l'IOM VALUBS IR 50 LAHOLEY CLASS IM'l'ERVALS 
00 50 100 150 200 1!50 300 350 •oo •5• 500 550 
'" 
650 700 750 ... 150 ,.. 
to to to to to to to to to to to to to to to to to to to 
Month 
-·-
___!!!__ ......!!,._ ....ill_ 
...ln.. J!!1._ ..ln.. ~ ...Jn... ...!!.!!L ...!!n... ..21... ..2!2.... ~ ~ _.a_ ..:w._ ...!!!2... ...!n... ...lli... 
Jan 115 • 2. 11.11- Ill.,, :i·• 21.1 14,0 3.1 ••• 21 27 52 .. 7 
Pob .,. 3.3 7.0 10.3 14.5 14.5 !2.! 16.1 10.3 0.5 
7 15 22 31 31 •• 36 22 1 
Mar ... ••• ~-5 5.7 3.1 ••• 1.7 1.7 1!.7 .. .. 14.0 2~.1 1.1 1 15 10 17 23 23 52 55 37 3 
Apr 1!51 1.2 ,.. 1.2 • •• 5.2 1 •• 2 • •• • •• li"1 13.! 23.5 • •• 1.6 3 • 3 12 13 20 21 35 5! 21 • 
.. , ... 1.1 1 •• j·O 0.7 •• 5 5.• 4.5 J·7 7.1 ••• 11.!1 1'1.1 U·' 1.2 o.• 3 5 • 12 15 12 21 .. 32 31 22 1 
Jun ... o.• ••• ••• o.e l•S :·3 ••• 3.5 ..2 1.5 10.11. 12.7 11.1 21.1 j·1 1 1 2 2 12 • 11 .. 27 33 47 75 
JUl 332 
••• ••• 3 •• 3 •• .I·· ••• • •• 13.6 .I·· 12.3 1!.6 12.3 3 • 13 13 21 33 45 ., '5 41 
Aus J35 0.3 0.3 0.3 0.6 1.2 2.7 ••• 
.x·· ••• ~p 11.2 22.7 1!·7 3 •• 1 1 1 2 • • I 23 61 76 13 
Sop 322 ••• 1.3 0.3 ••• 3.7 2.2 
.I·" ••• 1.1 19.6 24.8 ~g·' '·' • 1 1 3 12 7 22 .. 03 10 5 
Oot 304 0.3 2.0 2.0 3 •• 7.6 8.2 ~-7 27.3 21.4 
.I·• 1 • • 11 23 l!5 83 65 
Nov ... 0.3 ••• 5.7 7.4 13.1 30.5 21.5 12.4 1 • 17 22 39 91 15 37 
Doc 30. 0.3 
11"' 
•• 5 12.5 29.9 -41.1 0.7 
1 .. lB 91 125 2 
Year 3.331 0.1 ••• 2.5 3.6 7.2 10.8 ••• 7.5 6.7 7.7 7.5 s.o ••• • •• 6.0 5.3 4.1 0.3 ••• 3 31 84 11! 240 362 215 <51 ... 1!57 1!50 ... 217 ... 1,. 177 131 9 0 
• Percent of total daya for all Januarye with values falling in the claaa interval 
•• Number of daya for all Januarya with valuea falling in the claaa interval 
$ 
TABLE LVI 
SALT LAKE CITY, 1950-60 
FREQUENCY COUN'l' OF DAILY INSOLATION VALUES IN 50 LANOI8Y CLASS IN'l'ERVALS 
cio 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 Boo 850 900 
to to to to to to to to to to to to to to to to to to to 
Month 
-·-
__!!2_ _..22._ __l!!2_ _.!2.2__ ~ ~ ~ ~ ...!!!!2.... ~ ..2'!2.._ ~ ~ __§22.._ _lli_ __:w_ --'!'!2.._ ~ ...2!!2.... 
J~ 152 2.6· ~-1 ~-0 17.8 21.7 14.5 1.3 4•• 27 33 22 2 
Feb 1'> ~-3 10.6 14.2 12.1 17.7 14.9 20.6 ~-7 15 20 17 25 21 29 
Mac 154 3.2 ~-2 9.7 13.0 7.8 7.8 10,4 14.3 10.4 11.7 6.5 5 15 20 12 12 16 22 16 18 10 
Apr 136 1.5 1.5 4.4 3. 7 ~-9 6.6 8.8 2.2 6.6 11.0 11.8 29.4 ~-9 0.7 2 2 6 5 9 12 3 9 15 16 40 1 
.. , 126 o.B 
••• 1.6 1.6 o.B o.B 4.0 6.3 7.1 13.5 7.9 12.7 16.7 13.5 11.1 o.8 1 1 2 2 1 1 5 8 9 17 10 16 21 17 14 1 
Jun 93 3.2 1.1 3.2 ~-3 5.4 7.5 3.2 6.4 14.0 29.0 21.5 1.1 3 1 3 5 7 3 6 13 27 20 1 
Ju1 101 2.0 2.0 3.0 2.0 4.0 6.9 5.0 10.9 10.9 19.8 29.7 4.0 
2 2 3 2 4 7 5 11 11 20 30 4 
Aug 123 o.8 1.6 ~-2 4.1 ~-9 8.9 ~~-5 12.2 26.0 17.1 1.6 1 2 5 11 15 32 21 2 
••• 148 1.4 2.0 ~-4 ij·4 12.2 ~-6 15.5 20.9 16.9 2.7 2 3 18 23 31 25 4 
Oot 147 1.4 3.4 4.1 2.7 9.5 6.1 17.0 29.2 19.7 6.8 
2 5 6 4 14 9 25 43 29 10 
Nov 93 6.4 8.6 15.0 9.7 18.3 24.7 16.1 1.1 
6 8 14 9 17 23 15 1 
Deo 120 21.7 16.7 17.5 16.7 ~ij-3 4.2 26 20 21 20 5 
Year 1.534 2.5 4.8 7.0 6.7 9.5 7.7 6.7 8.8 7.2 5-5 7.6 5.9 7.1 5.4 5.0 2.5 0.1 o.o 0.0 
38 73 107 103 145 118 103 135 111 85 117 90 
"'" 
83 76 39 2 0 0 
• Percent of total days for all Januarys with values falling in the class interval 
.. Number of days for all Januarys with values falling in the class interval 
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TABLE LVII 
BOISE, 1950-60 
FREQUENCY COUNT OF DAILY INSOLATION VALUKS IN 50 t.ANGLEY' CLASS INTERVALS 
.. 50 100 150 200 1!50 300 350 400 450 500 550 6oo 
to to to to to to to to to to to to to 
~ _n_ __!!L _22_ _,ili_ _m_ ..l!!L. ...m... ..l!!L ....l2i... ...!!!!1.. _..ll2.._ ..2!!2_ ...222._ _2.'!2.._ 
J~ 1!57 9.1" 23.7 ~-7 22,6 10.9 1~.0 0.4 25* 61 58 28 1 
••• ,.. 0.5 12.! 11.9 14.9 17.0 !~·6 ~.4 6.7 ~·1 1 25 23 ., 33 13 
Mar 241 :·s 7.1 9.1 10.0 7.9 10.4 10,0 16.2 ~-' 11.2 0.8 17 22 24 19 1!5 .. 39 27 2 
Apr 239 o.• §·3 :·s 4.2 ••• ••• 7.9 9.2 9.2 13.4 u-2 16.7 1 10 7 10 19 22 .. 32 40 
.. , 270 1.9 l·S 2.2 3.7 2.2 5.6 3.7 6.3 7.4 10.7 11.5 5 6 10 6 15 10 17 20 29 31 
Jun 280 0.7 2.1 1.1 0.7 1.4 3.6 82.9 5.4 1~.0 6.4 1.2 2 6 5 2 • 10 15 18 23 
Ju1 298 0.7 0.7 0.7 2.3 2.0 5.0 6.4 11.7 
2 2 2 7 
' 
15 19 35 
.... ... 0.3 1.0 1.0 0.7 3.7 3.7 1.2 7.8 211..5 29.6 
1 3 3 2 11 11 .. 23 72 87 
Sep 276 0.7 0.7 2.2 4.0 3.6 ••• ~··· -'·1 21.7 12.0 1.4 2 2 6 11 10 27 72 60 33 4 Oot ... 2.0 3.3 1,.4 5.7 9.0 11.7 29.1 19.7 11.7 2.0 0.3 6 10 17 27 35 117 59 35 • 1 
Hov 273 7.0 15.0 11.0 18.3 26.7 1!.4 2.6 ,. 41 30 50 73 53 7 
Deo 323 13.3 25.1 23.2 28.8 9.3 0.3 
43 11 75 ., 30 1 
Year 3,244 2.9 7.0 7.6 8.8 7.6 6.1 5.5 5.5 5.7 6.1 5.9 6.8 6.8 
•• 227 245 285 245 ,.  180 18o 186 198 192 219 220 
• Percent of total days for all January& with values falling in the class interval 
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TABLE LVIll 
SPOkANE# 1950-6o 
FR!QUDICY COUNT OP DAILY INSOLA.'l'ION VAWES IN 50 LANGLEY CLASS Drl'KRVALS 
00 50 100 150 200 250 300 350 400 450 500 550 600 
to to to to to to to to to to to to to 
Month 
_n_ _..!!L 
_.22... ~ ..122... _ill_ _m_ ~ ....m_ ---'!!!.2- ~ ...2'!2_ ...2li... .M2_ 
Jan 194 sf i;-5 ~-B 17.0 lg-3 2.6 17. 33 5 
Peb 193 2.1 11.9 17.6 16.1 20.2 18.1 9.8 4.1 
4 23 34 31 39 35 19 8 
Mar 205 1.5 4.4 11.7 13.2 14,1 9.8 ~-5 15.6 6.8 ~-9 0.5 3 9 24 
"' 
29 20 32 14 1 
Apr 226 0.9 2.2 4.9 3.1 11.6 9.3 10,2 8.4 12.8 17.7 11.9 
2 5 11 7 24 21 23 19 29 40 
"' May 215 1.9 2.8 0.9 4.7 6.5 4.7 5.6 6.o 8.8 9.8 10.2 
4 6 2 10 14 10 12 13 19 21 22 
•= ... 2.2 1.8 ~-7 ~-8 6.3 0.9 3.2 6.8 5.4 9-5 7.7 5 4 14 2 7 15 12 21 17 
Jul 26o 1.1 1.9 ~-3 1.1 3-5 3.8 5.0 J·2 3 5 3 9 10 13 
Aug 714 0.7 1.1 0.7 1.8 1.8 1.5 1~.1 4.4 5.5 10.2 18.6 29.6 2 3 2 5 5 4 12 15 28 51 81 
S.p 716 1.4 1.8 6.9 4.7 3.6 ~-4 11.6 17.0 21.4 ~~-8 8.o o.4 4 5 19 13 10 32 47 59 22 1 
Oet 266 ~-· 13.1 13.9 13.9 12.0 15.7 16.8 7.9 ~-· 0.4 35 37 37 32 42 45 21 1 
Nov 251 12.0 25.1 22.3 ~-5 15.9 5.2 30 63 56 •• 13 
Dee 204 ~r8 41.2 18.6 6.4 1.0 84 38 13 2 
Year 2~786 4.5 10.1 8.9 8.0 7 .o 5.8 6.1 ~-5 4•2 5.2 Ool 6.1 6.2 126 281 247 223 195 163 171 15 14 145 142 169 172 
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over more months of the year at northern than at southern stations. 
Both of these points are also revealed in Figures 67 and 68. In the 
same manner, the frequencies for any other range of values can be 
studied. It is interesting, for example, that in spite of the fact 
that April1 Ma.y1 and June are relatively cloudy months at Spokane, 
each with greater than 6.0 mean daily cloud cover, the station can 
expect ~ daye during each of the months (20, 421 and 60 percent 
respectively) with insolation totals of 600 ly or more. The signif-
icance of this fact for agriculture is obvious. An earlier statement 
(supra., P• 206) concerning occasional long periods of heavy cloud cover 
still stands, though comparison of the percentages for daye with less 
than 300 ly for the 3 months (ll, 101 and 8 percent respectively) with 
percentages for 600 ly plus days 1 shows that the dark periods are not 
as common as cloud cover data suggest, and that in most years there will 
be sufficient energy available 4uring the spring for drying of wet fields 
and the growth of grain and fruits. Another interesting condition 
is the extremely high frequency of values above 700 ly per day during 
s'UIIIIIIer at the southern stations. During June, for instance, the percent 
of days with 700 ly or more is as follows for stations in the southern 
half of the region: El.y1 63; Las Vegas, 87; Grand Junction, 65; Albuquel'-
que, 75; Fhoenix, 8.3; Tucson, 66; and EJ. Paso, 78. Convective cloud cover 
and lower sun cause the percent of these 700 plus ds;ys to drop sharply 
during July and August, but they remain above 20 percent for the latter 
month everywhere but at Las Vegas, Phoenix, and Tucson where they are 
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16, 2, and 4 percent respectively. The heat load placed by these 
high levels of insolation on all exposed outdoor surfaces, particul-
arly when the increment from the very high ambient air temperature is 
added, create many serious problems for cultural use of the area. Many 
other aspects of the insolation climate could be described from these 
frequency tabulations, but with no specific applied objectives as a 
part of this study, no important purpose would be served by their re-
cital. 
A word of warning should be given concerning the annual frequen-
cies for each station. Because they are based on incomplete monthly 
data, they could be misleading if taken on face value. The Ely annual 
data, for example, is based on only 185 out of 341, or 54 percent of 
the possible January days, whereas the number of days for most other 
months is considerably higher, thus it is likely that the annual percent-
ages in the low langley classes for Ely are too small. The frequencies 
for individual months, however, should be fairly representative of actual 
comitions since missing data consists mostly of entire blocks of months, 
or of days scattered at random through the record. Before the annual 
data are used, they should be corrected by making a proportional adjust-
ment based on the number of days in each 1110nthly record. 
Figures 67 and 68 present another view of the frequency distribu-
tion of daily insolation. All daily values of the period-of-record for 
El Paso and Boise are plotted on scatter diagrams for which the ordinates 
are daily insolation in langleys and the abscissa are the 365 days of the 
year. The annual curves of extraterrestrial radiation are also shown. 
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Figure 68. The higher frequency of clouey days at Boise than at El Paso is obvious. Days with Qa of 100 or 
less are common at Boise from November through January. Frequencies of days with insolation approaching the maximum 
possible are highest from mid-summer through the fall. Note that the curve represented by the upper limits of the Qa 
distribution is more peaked for Boise than for El Paso. This is due to the difference in latitude between the two 
stations. The combined affect of the aunts zenith angle and length of daylight produce Qa values that are nearly 
equal at the two stations in summer but produce considerably lower values at Boise in winter. 
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Figure 67. Daily Qa and ~ are in langleys. The small dots represent the values of Qa available for El Paso; 
the large dots show the annual curve of daily Oe values. Since El Paso is a station at 11'hl.ch clear and scattered sky 
cover predominates n1ost of the year, there is a heavy concentration of daily 08 values near the upper limit of the distribution. The period from late fall to mid-winter particularly has a high t-reouency of such days. This concentra-
tion breaks down somewhat during the summer months due to convective cloud cover in mT air from the Gulf of Mexico. 
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The plotted points of daily values provide a good visual impression 
of the annual distribution of insolation during the period-of-record. 
Many observations made earlier in this chapter concerning insolation 
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in the Intermontane region are supported by the distribution of points 
in these diagrama. Note, for example, that both Qe and daily insola-
tion values at El Paso were considerably higher most of the year than 
those for Boise. Values were comparable at the two stations only dur-
ing June and July. Note also the peaked nature of the Boise annual 
distribution, with maxi.lliUIII values increasing very rapidly in the spring 
and decreasing very rapidly in the fall compared to El Paso. The upper 
limit of the Boise distribution varied from about 225 ly per day in 
mid-winter to approximately 800 ly per day in mid-sllllllller, but only from 
450 to 800 ly for El Paso. Maximum values at El Paso were above 600 ly 
from mid-March to mid-September, and at Boise from mid-April to mid-
August. This re-emphasizes the south to north insolation gradient and 
the fact that it is strongest in winter and weakest in SUDIIler. An out-
standing feature of the distributions is the considerably greater con-
centration of values near the upper limits of the distribution for El 
Paso. It is apparent that values near the maxinn'm possible prevailed 
at El Paso most of the year, with concentration near the upper limit 
greatest in winter. During sUllllller, there was some decay of this concen-
tration, especially in July, due to the occurrence of convective clouds. 
There was a heavy concentration of values near the maximum at Boise only 
from July through October. The remainder of the year, and particularly 
in mid-winter, the affect of frequent heavy cloud cover can be seen in 
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causing Boise values to spread fairly evenly over the entire possible 
range of the distribution. The common occurrence of broken and overcast 
skies through the spring and early sUDmer at northem stations is ap-
parent from the Boise distribution. 
It might be worth while to conclude the analysis of insolation 
climate with a comparison of values on the l2 monthly maps with those 
on maps prepared by other investigators. Budyko (1955) following his 
habit of not drawing isolines through mountain or plateau areas neg-
lected the region so no comparison can be uade with his work. World 
maps of the monthly distribution of insolation prepared by Black (1956) do. 
include the region, Black 1 s winter-month values are reasonably close to 
those prepared in this study, his December map, for example, having an 
isoline of 100 ly cutting across the far northern part of the region, 
and one of 250 ly across the south. He does not, however, show the 
existence of values above 300 in the far south, his 300 ly isoline 
actually lying far south across Mexico. During sUllllller, he tends to 
underestimate values throughout the entire region, showing for June 
and July values that are 50 to 100 langleys too low for most of the 
region. The maps presented by Fritz and MacDonald (1949) consistently 
underestimate values by /.1) to 50 langleys month after month throughout 
most of the region. It is very likely that their error lies in not con-
sidering station elevation as a factor in calculating their computed 
values of insolation from sunshine data. 
SUlllllla.r.y 
An analysis of the insolation climate of the Intermontane Basin 
and Plateau Region of the western United States has been presented, 
2.59 
with emphasis on the areal and temporal distribution within the region 
of insolation and certain related environmental factors. This is the 
first such analysis of the Inter1110ntane region. Studies of large areas 
have presented information on the distribution of insolation within the 
region, but it has been of a highly generalized nature. The analysis is 
one of the first of an area as large as the Intermcntane region to be 
supported by adequate data. The ll years of record for the 10 insolation 
stations in the region and the addition of 23 stations through the use of 
empirically derived computation techniques permit, if not a definitive, 
at least a reasonably thorough analysis of conditions in the region. 
Monthly maps of mean daily insolation, frequency distributions of daily 
insolation for the 10 insolation stations, and other graphic and tabular 
material provide a good base from which to describe the distribution of 
insolation in considerable detail. This relative abundance of insolation 
information is supported by an assembly of considerable information de-
scribing environmental factors related to insolation. Detailed descrip-
tions are given of the distribution of weather patterns, cloud cover, 
sunshine and various other factors. 'Ihe presentation of this material 
enlarges the scope of the analysis of insolation climate and makes, as 
well, a considerable contribution to the general climatology of the 
region. 
CHAPI'ER VII 
SUMMARY, OONCLUSIONS AND SUGGESTED AVENUES FOR FURTHER RESEARCH 
The amount of radiant energy from the sun received at the 
outer limits of the earth's atmosphere is, for the yearly average, 
nearly a constant, CJonsisting of 1.98 gm cal/cu?-/min on a surface 
normal to the solar beam, The portion or this energy that finally 
reaches the surface of the earth after being subjected to losses 
260 
from scattering and absorption in the atmosphere is called insolation, 
The operation of these atmospheric processes, along with periodic 
and regular changes in certain trigonometric earth-sun relations, 
causes the amount of insolation to vary considerably in time and space 
over the surface of the earth. The purpose of this study has been to 
describe these variations in detail for the Intermontane Basin and 
Plateau Region of the western United States. This was done in three 
ways. An evaluation was made of the relation of insolation to selected 
natural and cultural environmental elements that appeared to influence 
the occurrence of insolation in the region. Relations with elements 
for which quantitative information was available were examined statistic-
ally, principally through the use of regression and correlation analysis. 
Secondly, an investigation was made of regression analysis as a tool for 
the computation of values missing from the records of insolation stations 
and for the extension of the limited network of the region to non-insol-
ation stations. Finally, on the basis of actual and computed insolation 
data, and information concerning the occurrence of environmental elements 
related to insolation, the areal and temporal aspects of the insol-
ation climate of the region were analyzed and described. This was 
the first such study of the Intermontane region. 
Summarz and Conclusions of Investigation of Insolation Climate 
Systematic insolation data are not available for most parts 
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of the world. Attempts to correct this situation by calculating in-
solation from mathematical models based on theoretical knowledge of 
the physical modification of solar energy by the atmosphere have pro-
duced uncertain results. Many of the depletion processes are not 
thoroughly understood, and even where theory is complete, infonnation 
often is lacking concerning the precise quantity and nature of atmos-
pheric constituents affecting the processes. A solution to thb prob-
lem is to IIIBasure insolation regularly at a few well-chosen locations 
as part of a comprehensive climatic data collection program. A thor-
ough analysis for these stations could then be made of the relation-
ships between insolation and climatic elements that are comonly 
measured at other locations, and the resulting empirical relationships 
used to estimate insolation for places lacking data. 
In the past, numerous individuals have investigated the empirical 
relation of insolation to certain climatic variables, chiefly cloud cover 
and percent of possible sunshine. The earliest workers in this field 
were Kimball (1919) and .lngstrOm. (1924). Both men suggested that an 
association existed between daily values of sunshine duration and in-
solation, with the ratio of insolation on a completely overcast day to 
that on a perfectly clear day taken as a constant. A serious deficiency 
in this relationship results from the fact that before it can be used 
to calculate insolation for any location, the clear-day insolation 
for that place first must be determined.. Despite this limitation, 
most investigators have relied upon eome fonn of the so-called log-
strom relationship. This, plus the lack of sufficient insolation 
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data handicapped most attempts to develop satisfactory ampirical 
equations. As late as 1949, there were only 85 regular insolation 
stations in the world. The introduction in recent years of extrater-
restrial solar radiation as a substitute for clear-day insolation as the 
basic value in empirical relations, and the rapid growth of networks of 
insolation stations in the past decade has now made it possible to con-
duct detailed investigations of insolation that are free of these limit-
ations. This study is one of the first to take advantage of these new 
conditions. 
Reliable daily and monthly values of insolation covering the 
period 1950 to 1960 were available for 10 stations within the Intermon-
tane region. Data for several other variables were also available for 
the lO stations and were used to investigate relationships with insol-
ation by means of regression analysis. The most significant variables 
with respect to influencing insolation were cloud cover and percent of 
possible sunshine, therefore principal reliance was placed on these var-
iables in examining regression relationships. Wherever it seemed log-
ical, other variables (precipitable water vapor, optical air mass, and 
ground snow cover) were added to either sunshine or cloud cover and 
tested for statistical significance. Coefficients of correlation (R) 
and determination (i!), standard errors of estimate (S), and coeffi-
cients of Iartial correlation (r) were the chief statistics used to 
compare regression relationships. 
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Most past investigationsof insolation have been limited to the 
use of monthly values. Several individuals have pointed out that the 
use of regression equations derived from monthly data is hampered by 
virtue of the restricted range of the variables, possibly requiring 
extrapolation of regression curves beyond data limits. The use of 
machine analysis in some phases of this study permitted the use of daily 
data, and has made it the first study of a large area to be based on the 
analysis of massive amounts of daily values of insolation. The daily 
data were used to examine simple linear and parabolic curvilinear re-
gression of insolation with first sunshine, then cloud cover. Correl-
ation statistics showed that invariably sunshine produced a closer 
association with insolation than cloud cover, and that the curvilinear 
form was generally slightly better than the linear for cloud cover but 
provided almost no improvement for sunshine. Values of R for the linear 
insolation-sunshine relationship for Albuquerque, Ely and Spokane were 
.900, .868 and .906 respectively, whereas the values for cloud cover were 
-.759, -.765 and -.785. The parabolic regressions for the three stations 
produced R values of .909, .869 and .907 for the sunshine relationship. 
Parabolic regression with cloud cover was performed only for Albuquerque 
and Spokane and produced R1s of .791 and .8.3.3. The investigation of 
multiple and joint regression of sunshine and cloud cover with insolation 
provided higher correlations than when either independent variable was 
used alone, but the results were not significant. For example, 
multiple parabolic regression for a sample of 300 days from Albuquer-
que produced a standard error of estimate (S) of 52 compared to 54 
for simple parabolic sunshine regression. A. similar result was ob-
tained for joint regression. A.n investigation o! snow cover as a 
variable revealed that the presence o! snow on the ground increased 
insolation an average o! 29 percent when skies were overcast and 1.5 
percent 'When skies were clear, compared to insolation values when the 
ground was !ree of snow. 
The analysis o! monthl,y data was conducted along essentially 
the same lines as that of the daily data, and the results were much 
the same. Sunshine, taken alone, provided a higher correlation than 
cloud cover, and the parabolic relationship was better than the linear 
but to an even lesser degree than !or the dail,y data. A number of 
secondary variables were investigated to determine 1! their addition, 
singl,y and in groups, brought significant improvement to either the 
sunshine or cloud cover primary relationship. Expansion of the sunshine 
relationship through the addition o! number o! days per month with snow 
on the ground as a variable explained 8 percent o! the variance unexplained 
by sunshine, but caused virtually no drop in the S value. Optical air 
mass did little more to improve the basic relation than snow cover. A 
test o! precipitable water vapor produced no a!!ect on Boise statistics, 
but at Phoenix explained l4 percent of the variance not explained by sun-
shine. 
Regression analysis was investigated as a tool for computing miss-
ing dail,y values o! insolation at the 10 key stations and !or computing 
insolation at several non-insolation stations in the region. The 
objective of this investigation was the preparation of data to be 
used in computing monthly maps of mean daily insolation of the region. 
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A series of tests indicated that the simple linear relationship with 
sunshine 1 modified by a snow correction, was the most adequate for 
computing the missing daily values. Further tests showed that adding 
these computed missing values to the records improved monthly means 
slightly, but a more important result was provision of the 10 stations 
with the same data record for regional analysis. In expanding the net-
work to non-insolation stations, it was found that monthly mean inso1-
ation for these stations computed from linear regression equations based 
on monthly data were as accurate as those based on daily data. Before 
using these monthly equations to calculate insolation for the 6 sun-
shine stations in the region, the variation of the regression coeffi-
cients a and b with latitude and elevation was investigated. The co-
efficient a was found to be significaDU;y correlated with station eleva-
tion (expressed in feet), and b with station elevation and cosine of 
the latitude in the following relationships: 
a1 •2 = 201.8 + .03658H (27) 
b2 = 2.755 - .00308H + 3.20lcos p. (28) 
These values were substituted in the basic simple linear equation to 
produce 
Xl.2 = (201.8 + .03658H) + (2.755 - .00308H + 3.20lcos ,6)~, (29) 
which was used to compute monthly mean insolation for the 6 cloud cover 
stations. A similar procedure was followed in computing insolation for 
the 10 regional cloud cover stations. With these computed data and 
the actual insolation data from the 10 stations, isolinal msps of 
mean daily insolation for each month of the year were drawn. 
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The outstanding feature of the insolation cl.illate of the Inter-
montane region is the pronounced south to north latitudinal gradient. 
The gradient exists most of the year but is strongest in mid-winter 
when earth-sun latitudinal effects and the distribution of weather 
types combine to create maximum differences between north and south. 
In December, the monthly means of most far northern stations are 100 ly 
or less, while stations in the far south average close to 300 ly. This 
difference of approxi:mately 200 ly between north and south seems to be 
typical of the gradient for all months except June through September 
when it is somewhat smaller. During July the gradient breaks down com-
pletely and essentially the same values are recorded over the entire 
region. In August, a slight west to east gradient exists. The south 
to north gradient is determined principally by the latitudinal distrib-
ution of extraterrestrial solar energy, which in turn is controlled by 
the length of daylight and the zenith angle of the sun. At the winter 
solstice, El Paso has 448 ly of extraterrestrial radiant energy avail-
able to only 213 ly for Spokane. This disparity is smaller at other 
times of the year, but remains significant for all but a brief period 
from May through July. The distribution of prevailing seasonal weather 
types adds to the intensity of the south to north gradient during most 
of the year. The frequency of middle latitude cyclonic storms and 
associated heayY cloud cover increase with latitude during all months. 
Only for a brief per.lod during July and August does storm activity in 
the south surpass that of the north. At this time, the incursion of 
mT air from the Gulf of Mexico into the south and east-central parts 
of the region produces frequent afternoon convective thunderstorms, 
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and this condition, coupled with the relative small difference in extra-
terrestrial radiation values between north and south, produces the flat 
or west to east gradients already noted. Snow cover possibly affects 
the gradient, reducing it perhaps by 5 to 10 percent in winter. In this 
season, the northern half of the region is covered much of the time with 
snow and multiple ground to sky raflection increases daily insolation 
values by 20 percent or more, while at the same time, the southern half 
is anow-free except at high elevations and consequently does not receive 
this reflected increment. The distribution of optical air mass and pre-
cipitable water vapor offset one another in such a manner that they have 
no apparent influence on the gradient. Subregional variations in the 
gradient may be produced by the occurrence of atmospheric pollutants. 
However, no quantitative information was available concerning these 
phenomena, therefore their influence could not be assessed. 
An important aspect of insolation climate is the occurrence of 
daily values above or below certain critical levels. Miller (1958) 
suggested 600 ly and 100 ly as critical values for many cultural and 
natural purposes. The 600 ly level is exceeded quite commonly in the 
region. From scuthern Nevada and Utah south, monthly values generally 
exceed 600 ly from April through August. In May, the 600 ly isoline 
pushes into northern Nevada and Utah, in June to northern Oregon, and 
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during July the entire region has mean values between 650 and 700 ly. 
During May and June, 700 ly is exceeded over large areas of the south-
ern plateaus and basins in response to high sun, dry air, clear skies, 
and moderate to high elevation. In June, the 700 ly isoline bisects 
the region along a line cutting across central Nevada, Utah and Col-
orado. During this month, the percent of total days receiving 700 ly 
or more ranges from 63 to 87 at central and southern stations. The 
combination of clear skies and moderate to high elevation produce in the 
entire region in summer daily values of insolation that are higher than 
those of corresponding latitudes in the rest of North America. Miller's 
low threshold of 100 ly appears on the maps only during December and 
January ani then ooly in the extreme north. However, values below this 
level can occur anywhere in the region, though they are rare in the far 
south. 
The question of whether there is an Intermontane insolation 
climate, that is, a regime of insolation in the region distinctly dif-
ferent from that of other regions, cannot be answered on the basis of 
this study. Characteristics of the region such as high average eleva-
tions, dry air masses, and high incidence of sunshine undoubtedly cause 
insolation totals for much of the region to average higher than adjoin-
ing areas, but there are exceptions to this (Note the higher values in 
winter at Lander, Pueblo, ani Roswell than at locations with the same 
latitude within the region). Regionalization of insolation climate was 
not an objective of this study, consequently this problem was not examined. 
Further Research Needs in the Field of Insolation Climate 
The need and possibilities for further research in insolation 
climate are almost unlimited, and this is particularly true for the 
United States. The establishment in 1950 of an adequate network of 
insolation stations in the United States means that not until the 
past year or so have sufficient data been available to permit even a 
moderately thorough analysis and description of the character and dis-
tribution of insolation and its relation to other aspects of climate. 
All previous studies, and very likely this one too, must be considered 
as only very minor first steps toward the final definitive description 
of the nation's insolation climate. 
The methods developed in the present study could be applied to 
data from the nation as a whole to prepare maps that would constitute 
a real begiming toward achievement of this goal. These D~thods could 
also be applied to other parts of the world. In so doing, it would be 
necessary, of course, to re-examine many of the findings of this study. 
There might not be precisely the same relationship between variables in 
other areas. For instance, the curvilinear fonn of regression could 
possibly contribute more improvement over the linear in humid climates 
than it did in the dry climates of the Intennontane region, and more 
seasonal variation in the nature of the relationships might be found 
in same climates. However, the physical nature of cloud cover and at-
mospheric scattering and absorption, the primary factors in shaping the 
fonn of the regression relationships,do not vary markedly over the face 
of the earth, consequently the general approach used in this study 
should be valid for ooet parts of the world. 
ot\o 
In addition to regional studies similar to the present one, ~ 
~ urgent need prshnh1 y consists of the description of regimes of 
average daily insolation and of frequency distributions of daily in-
solation for different periods of time and for different conditions 
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of weather and climate. Such studies are required for the application 
of insolation data to the solution of applied problems in many fields 
and should be based on actual pyrheliometric data. The predictive 
methods used here and by others to derive data are useful for general 
climatic summaries of insolation, but they cannot satisfy rigid data 
requirements of engineers, agriculturalists and similar workers. More 
often than not the need is for frequencies of specific daily values 
rather than for climatic averages, and no estimation procedure has been 
developed that will provide actual daily values with consistent accuracy. 
For many purposes, insolation integrated over intervals of time 
shorter than a complete day are required. In fact, daily totals over 
the range of latitudes found in the United States may provide misleading 
information for some interpretations since northem Maine and southem 
Florida will receive with similar cloud conditions essentially the same 
daily totals in midsummer while the instantaneous intensities for most 
of the day will be considerably higher in Florida. Because of this 
condition, data for short periods of time, an hour or lees, have much 
oore meaning for studies of heat load on humans and animals, and also 
for some engineering and agricultural problems. The analysis of insol-
ation for these short time periods has barely been started. 
To date, almost all insolation data collected in the United States 
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has been for horizontal surfaces, with the exception of measurements 
on surfaces normal to the sun at a few locations, and on fixed vert-
ical surfaces at Blue Hill, Massachusetts. More observations are 
needed for surfaces with different aspects to the solar beam, and 
methods should be developed to translate the energy received on 
horizontal surfaces to surfaces with various orientations. Heat bal-
ance studies of the earth 1 s land surface, very little of which is per-
fectly horizontal, cannot proceed far until such information is avail-
able. Data also need to be collected and interpreted for conditions 
under different types of plant associations. Almost nothing is known, 
for instance, of the insolation intercepted by the crowns of forest 
trees or of that reaching forest floors. 
The spectral nature of insolation reaching the earth 1 s surface 
under various natural and cultural environmental conditions is not 
adequate}Jr known. Many consequences of insolation are dependent not 
so much on the total energy in the solar spectrum as on the levels with-
in certain spectral bands. For example, the deterioration of paints and 
other materials exposed to insolation is to a large degree controlled 
by the amount of energy in the ultraviolet wavelengths. Little is 
understood regarding the affect of urban pollution on the spectral qual-
ity of insolation. In fact, the affect of pollution of all types on 
insolation needs systematic investigation. The inability in this study 
to provide quantitative information concerning this important factor 
is evidence of the need. 
Finally, the entire range of problems concerning the relation 
of insolation to other climatic elements needs to be thoroughly explored 
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on the basis of the more plentiful data now becoming available, both 
for the basic purpose of learning more about the natural environment 
in which we live and,because for a long time to come insolation data 
will be inadequate in quality and quantity for many parts of the 
world, to assist in the development of better methods of estimating 
insolation for areas where it is not available. A particularly urgent 
need is for climatic and statistical knowledge that will lead to the 
development of methods that can be used to estimate accurately daily 
values to be used in the preparation of frequency distributions. 
APPENDIX 
SELECTED C!Jlo!ATIC STATISTICS Sl.MMARIZED BY MONTH FOR THE 
ENTIRE STUDY P:ERIOD, 1950-60 
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TABLE LIX 
SEI.n:TED CLlMATIC STATISTICS SUMMARIZED BY MONTH 
FOR THE ENTIRE STUDY PEIUOD, 1950-1960 
EL PASO (270) 
(31° 48 1 N. Lat.; 3,916 !t. elev.) 
% o! Days Days Mean Mean Mean Mean Mean 
With~ With Mcmtbl¥ Daily Q._~ Mont Illy ~ values Snow ~ ~ ~* Cover 
Jan 89 15,159 489 .684 10,363 334 
Feb 88 5 17,012 608 .712 12,240 433 
Mar 82 23,307 752 .717 16,703 539 
Apr 91 26,486 883 .740 19,593 653 
Ma:y 99 29,940 966 o739 22,134 714 
Jun 98 29,913 997 .731 21,873 729 
Jul 99 30,376 980 .679 20,619 665 
Aug 95 28,309 913 .708 20,031 646 
Sep 97 24,000 800 o715 17,159 572 
Oct 98 20,351 656 .702 14,283 461 
Nov 98 2 15,728 524 .708 ll,l31 371 
Dec 98 8 14,092 455 .688 7,692 3lJ 
* Values based on actual data and data calculated !rom monthly 
linear Sr regression formulas based on daily values. 
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TABLE LX 
SEI.B:TED CLIMATIC STATISTICS SUMMARIZED BY MONTH 
FOR THE ENTIRE STUDY PlilUOD, 1950-1960 
TUCSON (274.) 
(32° os• N. Lat.; 2,559 rt. elev.) 
%of Days Daya Mean Mean Mean Mean Mean 
With Q, With Monthl.J' Daily :::~ Monthl.J' Da.i.g Values Snow ~ ~ Q* ~* Cover a 
-
Jan 41 15,031 485 .642 9,654 311 
Feb 45 16,895 604. .685 11,701 414 
Mar 39 23,215 749 .708 16,450 531 
Apr 43 26,429 881 .737 19,459 649 
Kay 44. 29,946 966 .745 22,334 720 
Jun 39 29,947 998 .710 21,270 709 
Jul 4.6 30,386 980 .639 19,405 626 
Aug 51 28,299 913 .643 18,188 587 
Sep 46 23,910 797 .713 17,041 568 
Oct 47 20,234 653 .695 14,063 454 
Nov 52 15,621 521 .692 10,808 360 
Dec 51 13,925 449 .674 9,385 303 
* Values based on actual data and data calculated fr0111. monthl.J' 
linear Sr regression formulas based on daily values. 
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TABLE LXI 
SELECTED CLIMATIC STATISTICS SUMMARIZED BY MONTH 
FC.R THE l!NTIRE STUDY PEB.IOD, 1950-1960 
(.3.30 26' 
PHOENIX (278) 
N. Lat.; 1,112 .rt.. elev.) 
% of Dqs Days Mean Mean Mean Mean Mean 
With ~ With Monthl.T Daiq ~~l{ Montllly ~ Values Snow ~ ~ ~* Q._ Conr 
Jan 89 14,429 465 .6.34 9,146 295 
Feb 81 16,427 587 .682 11,329 401 
Mar 81 22,829 736 .678 15,470 499 
Apr 91 26,234 874 .723 18,957 6.32 
May 99 29,949 966 .744 22,287 719 
Jun 89 .30,023 1,001 .7.32 21,985 7.33 
Jul 98 .30,418 981 .664 20,197 652 
Aug 96 28,193 909 .664 18,717 604 
Sep 98 23,64.3 788 .713 16,863 562 
Oct 96 19,792 638 .695 1.3,764 444 
Nov 97 15,081 50.3 .675 10,180 339 
Dec 98 13,329 430 .650 8,658 279 
* Values based on actual data and data calculated from manthq 
linear Sr regression formulas based on daily values. 
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TABLE LXII 
SEIJ!X:TED CLD'.ATIC STATISTICS StiOWUZED BY MONTH 
FOR THE ENTIRE STUDY PERIOD, 195D-1960 
ALBUQumQUK (:365) 
(:35° 0:3 1 N. Lat.; 5,:314 ft. e1ev.) 
%of Days Days Mean Mean Mean Mean Mean 
With Qa With Mont.~ D~ Da~ Mon~ Dail7 
Values Snow ~ ~ ~~ ~* ~* Cover 
-
Jan 89 8 1:3,706 442 .685 9,:394. :30:3 
Feb 88 7 15,952 567 .698 11,178 :395 
Mar 87 4 22,:347 72l .699 15,627 504 
Apr 96 26,005 867 .7l5 18,586 620 
May 97 29,904. 965 .710 21,227 685 
Jun 98 :30,098 1,00:3 .7:32 22,04.4- 7:35 
Jul 96 :30,4.5:3 982 .696 2l,200 684. 
Aug 96 28,04.2 905 .704 19,7:3:3 6:36 
Sep 98 2:3,266 776 .732 17,029 568 
Oct 98 19,169 618 .7l:3 13,669 44l 
Nov 98 6 14,362 4.79 .7lO 10,191 34.0 
Dec 99 20 12,559 4.05 .695 8,732 282 
* Values based on actual data and data calculated from monthly linear Sr regression formulas based on daily valuee. 
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TABLE LXIII 
SELECTED CLIMATIC STATISTICS SUMMARIZED BY MONTH 
FOR THE mTIRE STUDY PERIOD, 1950-1960 
LAS vmAS (386) 
(36° 05 1 N. Lat.; 11 880 ~. elev.) 
% of D&;ys Days Mean Mean Mean Mean Mean 
With~ With MontbJ.T Ilai.4 Daily Montbl.T ~ Values Snow ~ ~ "-./~* ~* "-. Cover 
-
Jan 88 13,240 427 .646 8,556 276 
Feb 89 15,441 551 .696 10,780 385 
Mar 90 22,021 710 .719 15,841 Sll 
Apr 89 25,825 861 .718 18,540 618 
Mq 81 29,867 963 .731 21,827 704 
Jun so 30,1.41 1,005 .752 22,680 756 
Jul 82 30,451 982 .689 20,956 676 
Aug 91 27,936 901 .697 19,468 628 
Sep 90 22,997 766 .720 16,560 552 
Oct 90 18,782 606 .702 13,206 426 
Nov 90 13,955 465 .685 9,558 319 
Dec 90 12,081 390 .662 7,992 258 
* Values based on actual data and data calculated from montbJ.T 
linear Sr regression formulas based on ~ values. 
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TABLE LXIV 
SELJOC:TED CLD1ATIC STATISTICS SIJ!MARIZED BY MONTH 
FOR THE ENTIRE STUDY PERIOD, ~950-~960 
GRAND JUNCTION (476) 
(39° 06 1 N. Lat.; 4,8.39 ft. e~ev.) 
%of Days Daya Mean Mean Mean Mean Mean 
With~ With Monthly Dail.7 ~~lfr Mon~ ~ Values Snow ~ ~ o..* Cover 
-
Jan 80 93 ll,859 382 .593 7,029 227 
Feb 80 67 ~.3~0 5ll .63~ 9.~29 326 
Mar 70 ~3 a,062 679 .575 ~2.~02 390 
Apr 75 ~ 25,427 848 .636 ~6.~59 539 
May 72 29,758 960 .649 ~9,3U 623 
Jun 67 30,227 ~.oos .706 a,329 7ll 
J~ 77 30,477 98.3 .687 20,929 675 
Aug 78 27,598 890 .6n ~8,5~6 597 
Sep n 22,229 741 .692 ~5.372 5U 
Oct 84 17,604 568 .666 ll,730 378 
NoT 88 8 U,637 4a .6u 7.73~ 258 
Dec 89 64 ~0,657 344 .6~8 6,585 212 
* Values based on actual data and data calculated from monthly 
linear Sr regression formulas based on daily values. 
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TABLE LXV 
SELECTED CLIMATIC STATISTICS SUMMARIZED BY MONTH 
FOR THE ENTIRE STUDY PERIOD, 1950-1960 
(39° 171 
ELY (486) 
N. Lat.; 61 262 tt. e1ev.) 
'f, ot Days Days Mean Mean Mean Mean Mean 
With~ With Monthly Dail:y w Monthly Daitf Values Snow ~ ~ ~* ~ Cover 
Jan 51+ 187 ll,791 380 .6os 7,172 231 
Feb 69 126 llt,283 510 .61+5 9,320 330 
Mar 77 82 211 0/tO 679 .669 llt,069 454 
Apr 76 18 25,286 81+3 .669 16,927 564 
Ma7 79 2 29,732 959 .6,50 19,336 624 
Jun 79 1 30,231 1,008 .698 2l,lll 704 
Jul 97 30,468 983 .6,55 19,970 6i+i+ 
Aug 98 27,545 888 .693 19,081 616 
Sep 98 22,193 740 .700 15,538 518 
Oct 89 7 17,575 567 .6S9 12,lll 391 
Nov 90 47 12,.525 418 .65.3 8,176 272 
Dec 89 122 10,613 342 .632 6,70.5 21.5 
* Values based on actual data and data calculated !rom monthly 
linear Sr regression formulas based on da.il:y values. 
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TABLE LXVI 
SEI:..IDTED CLIMATIC STATISTICS Slm!ARIZED BY MONTH 
FOR THE ENTIRE STUDY PERIOD, 1950-1960 
SALT LAKE CITY (572) 
(40° 46 1 N. Lat.; 41 227 !t. e1ev.) 
% of D8.J8 Days Mean Mean Mean Mean Mean 
With 'I. With Mont~ Dai.l.T v~ Mont~ Da~ Values Snow Q, Q., ~* ~ Cover 
Jan 44 178 ll,l36 .359 ·47.3 5,270 170 
Feb 45 ll2 13,708 490 .526 7,206 258 
Mar .36 47 20,496 659 .547 ll,17.3 .362 
Apr u 12 24.97.3 8.32 .564 14,086 470 
May 37 29,665 957 .607 18,002 581 
Jun 28 30,226 1,008 .643 19,428 648 
Jul 30 30,422 981 .625 19,021 6l4 
Aug 36 27,361 883 .628 17,172 554 
Sap 45 21,783 726 .634 13,819 461 
Oct 43 2 16,972 547 .602 10,210 329 
NOT 28 36 ll,897 .397 .536 6,.376 2l2 
Dec 35 105 10,152 .327 .452 4,587 148 
* Values based on actual data and data calculated from mont~ 
linear Sr regression formulas based on daily values. 
t 
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TABLE LXVII 
SEI.iXJTED CLIMATIC STATISTICS SUMMARIZED BY MONTH 
FOR THE ENTIRE STUDY PmiOD, l95Q-l960 
(43° 24 1 
BOISE (681) 
N. Lat.; 2,858 rt. elev.) 
% or Daye Days Kean Mean Mean Mean Mean 
With ~ With )[ontbl;y Daily ~ Montbl;y ~ Valu.es Snow ~ ~ ~* Q., Cover 
-
Jan 75 122 9,SU. 316 ·4.36 4,276 138 
Feb 62 55 12,756 449 .501 6,378 226 
Mar 7l ll 19,512 629 .526 10,272 331 
Apr 72 l 24,416 814 ·596 14,548 485 
May 79 29,470 951 .602 17;744 572 
Jun 85 30,254 1,008 .627 18,961 6.32 
Jul 87 30,344 979 .681 20,669 667 
Aug 86 26,863 866 .660 17,744 572 
Ssp 84 21,010 700 .652 13,702 457 
Oct 88 15,855 511 ·578 9,168 296 
Nov 8.3 7 10,658 355 ·499 5,314 177 
Dac 95 34 8,640 2:79 ·439 3, 79.3 122 
* Values based on actual data and data calculated !r0111 montbl;y 
linear Sr regression formulas based on daily values. 
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TABLE LXVIII 
SELECTED CLIMATIC STATISTICS SUMMARIZED BY MONTH 
FOR THE llNTIRE STUDY PERIOD, 195Q-1960 
SPaWE (785) 
(47° 371 N. Lat.; 2,365 ft. e1ev.) 
% of Dq8 Days Mean Mean Mean Mean Mean 
With~ With Monthl7 Dail.7 Da~ MontbJ.¥ ~ Values Snow ~ Q._ ~0.. ~* ~ Cover 
Jan 48 235 7,966 257 .399 3,180 10J 
Feb 53 174 10,924 390 .499 5,454 193 
Mar 60 56 18,015 58l .526 9,486 J06 
Apr 68 23,479 78.3 .542 12,726 424 
May 63 29,057 937 .534 15,515 500 
Jun 67 JO,l42 1,005 .592 17,847 595 
Jul 76 30,098 971 .686 20,634 666 
Aug 80 26,180 844 .649 16,983 548 
Sep 77 19,753 658 .614 l2,l45 405 
Oct 69 3 l4,191 458 .492 6,98l 226 
Nov 67 33 8,853 295 .42l 3,727 l24 
Dec 59 139 6,832 220 o345 2,359 76 
* Values based on actual data and data calculated from monthlT linear Sr regression formulas based on daily values. 
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ABSTRACT 
The amount of solar radiant energy recsl. ved at the outer limits 
of the earth's atmosphere is nearly a constant, but the amount reach-
ing the earth's surface varies considerably due to astronomical, meteor-
ological, Jitysiographic and cultural factors. The purpose of this study 
was to describe the temporal and areal distribution of these variations 
within the Intermontane Basin and Plateau Region of the western United 
States. This was done in three steps. On the basis of 11 years of 
daily and monthly data from 10 stations, regression and correlation an-
alysis were used to examine the relation of insolation to environmental 
elements that appeared to influence its distribution in the region, 
Secondly, regression analysis was investigated for possible use in com-
puting insolation values missing from the records of the 10 stations and 
for extension of the station network to non-insolation stations. Finally, 
maps and diagrams were prepared from actual and computed data and used to 
describe the areal and temporal distribution of insolation in the region, 
Regression analysis established that insolation was related to 
certain elements closely enough to pennit its quantitative prediction 
with reasonable accuracy. The most imPortant elements in this regard 
were cloud cover and percent of possible sunshine, with the latter almost 
29.3 
alweys providing closer relationships for both daily and monthly data. 
A number of secondary elements were investigated to determine if their 
addition as variables brought significant improvement to either the 
cloud cover or sunshine primary relationship. Most had some beneficent 
affect, but only in the case or ground snow cover, and then only when 
applied to daily data, was the improvement sufficient to be useful in 
computing insolation. A simple linear relationship between insolation 
and sunshine proved to be best, from the standpoint of fulfilling the 
twofold requirement or accuracy and simplicity, for computing daily 
values missing from the records or the insolation stations. The quad-
ratic regression form recommended by several investigators offered little 
improvement to any of the relationships. Simple linear equations between 
monthly mean values of insolation and either sunshine or cloud cover also 
were satisfactory for computing monthly 11111sns or insolation for non-insol-
ation stations, but it was found that computed values were improved if 
station latitude and elevation corrections were substituted for the coef-
ficients a and b in the basic equation. This modified expression was used 
to expand the original lQ-station network by computing insolation for 16 
non-insolation stations. 
The areal distribution of insolation in the region was found to 
be strongly latitudinal in character, due chiefly to the influence of 
certain astronomic factors, principally length of daylight and zenith angle 
of the sun, and to the distribution of prevailing weather types and cloud 
cover. A pronounced south to north gradient or insolation existed dur-
ing all months except July and August, at which time the gradient was 
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either extremely fiat or west to east. Relatively low latitude, high 
elevation, and small cloud cover produced high daily insolation over 
the southern half of the region most of the year. From mid-March 
through mid-September, the south received 600 ly or IIK)re per day a 
large percent of the time • and early s1.llllller values COlliDIOnly exceeded 
700 and even 750 1y in sane southern sections. During July, the entire 
region had mean values between 650 and 700 ly. In contrast, much of 
the north averaged less than 200 1y per day from November through Feb-
ruary and the extreme north coumonly received less than 100 ly. Over 
most of the south values betliMn 300 and 400 ly predominated during 
winter. 
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